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ABSTRACT 
The ins tantaneous  va lues  of output  v o l t a g e s  represen t ing  t h e  wind 
v e l o c i t y  v e c t o r  and the  temperature a t  d i f f e r e n t  e l e v a t i o n s  of t h e  250- 
f o o t  meterological  tower loca ted  a t  NASA Wallops F l i g h t  Center a r e  
provided with t h e  t h r e e  dimensional s p l i t - f i l m  TSI Model 1080 anemometer 
system. The output  vo l t ages  a r e  sampled a t  a r a t e  of one every 5 m i l l i -  
seconds,  d i g i t i z e d  and s t o r e d  on d i g i t a l  magnetic t apes  f o r  a time 
period of approximately 40 minutes,  wi th  t h e  use  of  a s p e c i a l l y  designed 
d a t a  a c q u i s i t i o n  system. A new c a l i b r a t i o n  procedure permits  t h e  conversion 
of the  d i g i t a l  vo l t ages  t o  t h e  reqpec t ive  va lues  of t h e  temperature and 
the  v e l o c i t y  components i n  a Car tes ian  coordinate  system connected wi th  
the  TSZ probe wi th  considerable  accuracy. 
Each data-sample is  d iv ided  i n t o  58 blocks c o n s i s t i n g  of 8192 d a t a  
po in t s  each. S t a t i o n a r i t y  of t h e  t ime h i s t o r i e s  i s  checked by inspect -  
ing the  v a r i a t i o n  of t h e  block-means and wi th  t h e  use  of a s t a t i s t i c a l  
t e s t .  The v e l o c i t y  ccmponents a r e  transformed i n t o  t h e  mean wind 
o r i en ted  coordinate  system s o  t h a t  t h e  l o n g i t u d i n a l ,  l a t e r a l  and v e r t i -  
c a t  w;nd components a r e  obta ined.  Mean va lues ,  v a r i a n c e s  and covariances 
i n  each data-block a r e  f i r s t  c a l c u l a t e d  and then averaged t o  produce 
the  respez t ive  sample-means, va r i ances  and covar iances .  
Power, c r o s s ,  coincidence and quadrature  s p e c t r a  of the  wind com- 
ponents and t h e  temperature a r e  obtained wi th  the  use of the  f a s t  
Four ier  transform. The cosine  t a p e r  d a t a  window and ensemble and f re-  
quency smoothing techniques a r e  used t o  provide smooth e s t i m a t e s  of the  
s p e c t r a l  funct ions .  
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CHAPTER I 
BASIC CHARACTERISTICS OF THE AlTfOSPHERIC BOUNDARY LAYER 
1.1 Descr ip t ion  of t h e  Lower Atmosphere 
The lower p a r t  of t h e  atmosphere of t h e  e a r t h  forms a boundary 
l a y e r  with a th ickness  of s e v e r a l  hundred meters.  The flow i n  t h e  
atmospheric boundary l a y e r  i s  t y p i c a l l y  t u r b u l e n t ,  as a r e s u l t  of 
t h e  combined a c t i o n  of shea r  s t r e s s e s ,  C o r i o l i s  f o r c e s  and buoyancy 
fo rces .  The knowledge of t h e  i n t e r n a l  s t r u c t u r e  of t h e  atmospheric 
boundary l aye r  is of g r e a t  importance f o r  a l a r g e  number of modern 
human a c t i v i t i e s ,  such a s  weather p r e d i c t i o n ,  bu i ld ing  and b r idge  
cons t ruc t ion ,  launching of a i r c r a f t s  and m i s s i l e s ,  telecommunications 
and a i r  p o l l u t i o n  con t ro l .  
The atmospheric boundary l a y e r  can convenient ly  be  divided i n  
smal ler  regions  wi th  t h e i r  own p a r t i c u l a r  p r o p e r t i e s .  
1. The "molecular boundary layer"  is  loca ted  c l o s e s t  t o  the  
ground, wi th  a th ickness  of t h e  o rde r  of one mi l l ime te r .  I n  t h i s  
region,  molecular p r o p e r t i e s  have a s t r o n g  in f luence  on t h e  flow. 
2. The "sur face  boundary layer"  extends up t o  a he igh t  between 
20 and 60 meters ,  depending on t h e  condi t ions .  It i s  def ined a s  t h e  
region where the  shea r  s t r e s s  does not  vary  s i g n i f i c a n t l y  wi th  h e i g h t ,  
so  t h a t  i t  can be considered a s  cons tan t .  I n  t h e  s u r f a c e  boundary 
l a y e r ,  i t  is  mainly t h e  s u r f a c e  rough.ess and t h e  d e n s i t y  s t r a t i f i c a -  
t i o n  t h a t  determine t h e  flow, while t h e  C o r i o l i s  f o r c e s  a r e  n e g l i g i b l e .  
3. The upper p a r t  of t h e  atmospheric boundary l a y e r ,  o f t e n  c a l l e d  
t h e  "Ekman layer ,"  extends u s u a l l y  up t o  approximately 500 meters.  I n  
t h i s  l a y e r ,  t h e  s u r f a c e  cond i t ions  a r e  of minor importance whi le  t h e  
C o r i o l i s  f o r c e s  cannot anymore be neglected.  
Above t h e  atmospheric l a y e r ,  t h e  " f r e e  atmosphere" is loca ted ,  
where t h e  a i r  f low can be  considered a s  i n v i s c i d  and is a r e s u l t  of 
i n e  t i a l ,  C o r i o l i s  and p ressure  g rad ien t  fo rces .  
1.2 The Governing Equations 
The a i r  i n  t h e  s u r f a c e  boundary l a y e r  and t h e  lower p a r t  of t h e  
Ekman l a y e r  can be considered a s  a compressible Newtonian f l u i d  i n  a 
uniform g r a v i t a t i o n a l  nonro ta t ing  f i e l d .  Le t  po, T and P be the  
0 0 
undisturbed pressure ,  temperature and d e n s i t y  of t h e  a i r  a t  a c e r t a i n  
he igh t  and p', T' and p '  t h e  r e s p e c t i v e  ins tantaneous  d e v i a t i o n s  of 
p ressure ,  temperature and d e n s i t y ,  which can be  reasonably assumed 
smal l ,  compared t o  po, To and po. Let  a l s o  Ui, where i = 1,2 ,3 ,  be 
t h e  a i r  v e l o c i t y  components i n  a C a r t e s i a n  system x x x , where t h e  
1 2 3  
x a x i s  i s  v e r t i c a l .  Since t h e  flow is t u r b u l e n t ,  i t  is convenient t o  
3 
consider  a l l  q u a n t i t i e s  as c o n s i s t i n g  of a mean component and a f luc tu -  
a t i n g  component, a s  fo l lows 
- 
ui " ui + u i  9 
T' = T O +  0 9 
- 
p0  " p' + p a -  , 
- 
p' = p' + p" 
For s h o r t  t ime pe r iods ,  u s u a l l y  not  exceeding one hour, the  a i r  
flow can a l s o  be  considered as s teady and s t a t i o n a r y ,  S tead iness  of 
the  flow impl ies  t h a t  a l l  mean q u a n t i t i e s  a r e  independent of time, while 
s t a t i o n a r i t y  of the  f l w  impl ies  t h a t  a l l  s t a t i s t i c a l  q u a n t i t i e s  a r e  
independent of time. 
Making use of a l l  t h e  previously  discussed assumptions, one can 
w r i t e  the  general  equat ions  f o r  t h e  mean motion of t h e  air i n  the  
s u i f a c e  boundary l ayer  and t h e  lawer p a r t  of t h e  Ekman l a y e r  i n  t h e  
following f  o m .  
Equation of con t inu i ty  
Homentum equat ion 
Energy equat ion 
The dynamic v i s c o s i t y ,  p ,  the  thermal conduct ivi ty ,  k, and t h e  
s p e c i f i c  h e a t  c o e f f i c i e n t  under constant  p ressure ,  cp, of the  a i r  a r e  
assumed t o  be  constant  throughout t h e  e n t i r e  region considered.  
The above equat ions  01 mean motion f o r  tu rbu len t  flow may acquire  
a form s i m i l a r  t o  the  equations of motion f o r  laminar flow with  the  
in t roduc t ion  of a  t o t a l  s t r e s s  t ensor ,  
 ti^ , and a t o t a l  h e a t  f l u x  
v e c t o r ,  H def ined respec t ive ly  as j ' 
and 
Conip,~ red t o  tlie rcspec t l VL. cltt.lnt i t ies fo r  1 aminar f l o w ,  the .tlyovc 
introduced stress tensor  and h e a t  f l u x  v e c t o r  con ta in  t h e  a d d i t i o n a l  
- 
s t r e s s e s  -po uiuj ( c a l l e d  Reynolds s t r e s s e s )  and the  a d d i t i o n a l  hea t  
- 
f l u x  components c p Bu. respec t ive ly .  
P o  J 
The exac t  s o l u t i o n  of t h e  equat ions  of motion i n  the  atmospheric 
boundary l a y e r ,  due t o  t h e i r  complicated form, p r e s e n t s  enormous d i f f i -  
c u l t i e s .  I t  has  a l s o  been recognized t h a t  the  usua l  mathematical analy- 
sis does n o t  possess the  c a p a b i l i t y  f o r  a c l e a r  d e s c r i p t i o n  of the  tu r -  
b u l e n t  f l w  and, t h e r e f o r e ,  s t a t i s t i c a l  and s p e c t r a l  a n a l y s i s  have t o  
be  used. S t a t i s t i c a l  and s p e c t r a l  p r o p e r t i e s  have t h e  a d d i t i o n a l  advan- 
tage of being exper imenta l ly  reproducibie ,  s o  t h a t  an experimental  v e r i -  
f i c a t i o n  of r e l a t e d  t h e o r e t i c a l  achievements is  poss ib le .  
1 . 3  The Yiasurement 02 Atmospheric Turbulence 
The p r o p e r t i e s  of the  lower p a r t  of the  atmospheric boundary l a y e r ,  
up t o  a he igh t  of approximately 150 meters ,  a r e  u s u a l l y  measured wi th  
ins t ruments  placed on meteorological  towers o r  o t h e r  t a l l  s t r u c t u r e s ,  
whi le  f o r  h igher  a l t i t u d e s  meteorological  baloons and low-flying a i r -  
p lanes  can be used. During the  l a s t  f i v e  yea r s ,  a considerable  amount 
of atmospheric measurements, mostly from meteorological  towers, has been 
gathered and s e v e r a l  important  conclus ions  have been der ived from these  
experiments. A d i scuss ion  of soine of these  tower measurements can be 
foti~ld i n  tile re fe rences  6 ,  7 ,  17 and 26. However, these  research pro- 
grams have been l i u i t e d  i n  scope i n  t h e  s e n s e  t h a t  none of them provided 
a co~nple te  and multi-point  s e t  of measurements a t  reasonably high f r e -  
quencies.  E i t h e r  the  v e r t i c a l  v e l o c i t y  component o r  the  f l u c t u a t i n g  
temperature a r e  missing o r  measurements a r e  made wi th  instruments whose 
frequency response is l imi ted .  
Therefore,  i t  is t h e  o b j e c t i v e  of t h i s  research program t o  make a 
complete and extensive  set of measurements of the  th ree  v e l o c i t y  compo- 
nen t s  and t h e  temperature i n  t h e  lower otmorphere. This w i l l  allow the  
determinat ion of t h e  va r ious  s t a t i s t i c a l  q u a n t i t i e s  of the  v e l o c i t y  and 
temperature f l u c t u a t i o n s ,  including t h e  v e r t i c a l  momentum f l u x  and ver-  
t i c a l  nea t  t r a n s f e r ,  which a r e  of main importance. 
I n  order  t o  achieve the  above requirements,  measurements of the  
wind v e l c e i t y  components and t h e  temperature were made at d i f f e r e n t  
e l e v a t i o n s  of t h e  250-foot meteorological  tower loca ted  a t  NASA Wallops 
F l i g h t  Center. A s  measuring ins t rument ,  the  TSI  three-dimensional s p l i t -  
f i lm anemometer was s e l e c t e d ,  which provides a s a t i s f a c t o r y  accuracy and 
a high frequency response f o r  t h e  v e l o c i t y  and temperature measurements. 
The d a t a  obtained from the  measuring instruments could be processed 
e i t h e r  i n  analog o r  i n  d i g i t a l  form, The recen t  development of high-speed 
d i g i t a l  computers and t h e  inven t ion  of e f f e c t i v e  d i g i t a l  data-processing 
techniques permitted the  f a s t  and e f f i c i e n t  c a l c u l a t i o n  of the  des i red  
s t a t i s t i c a l  q u a n t i t i e s  from d i g i t a l  records of d a t a .  Theref o re ,  a data-  
a c q u i s i t i o n  system was designed, by the  use of which the  analog s i g n a l s  
produced by the  anemometers were sampled, d i g i t i z e d  and s t o r e d  on d i g i t a l  
magnetic tapes.  These magnetic tapes  were f u r t h e r  processed i n  d i g i t a l  
computers. Computer programs, based on the  l a t e s t  developments of the  
d i g i t a l  data-analys is ,  were used t o  provide a l l  des i red  s t a t i s t i c a l  quan- 
t i t i e s ,  such a8 mean va lues ,  va r iances  and covariancas , turbulence in ten-  
s i t i e s  and power and c ross - spec t ra l  dens i ty  funct ions .  
CHAPTER 11 
INSTRUMENTATION AND CALIBRATION PROCEDURES 
The TSI 1080 Three-Dimensional Split-Film Anemometer System 
The TSI (Thermo-Systems Inc.) Model 1080 Anemometer provides volt- 
age measurements, from which the instantaneous velocity vector and the 
temperature at a certain point in moving air can be calculated. The 
TSI 1080 system consists of the following components: 
1. The Probe (Model 1296E), consisting of three sensor rods for 
a total of six hot film anemometers and one thermocouple. The probe 
will be described in detail in section 2.2. 
2. One Control Circuit (Model 1053BP6T) for each probe, controlling 
the six films and the amplifier of the thermocouple. The front panel 
of the control circuit contains the pln jacks for the bridge-voltage 
outputs, the 0-5 volt outputs and the thennocouple output. In addition, 
it contains the balance potentiometers to ensure same temperature of 
adjacent films and the zero and gain adjustments for the thermocouple 
amplifier and the 0-5 volt outputs. 
3. One Voltage Regulator (Model 1051F), supplying regulated +19 
volts and -19 volts to six control circuits. 
4. One Chassis (Model 104566) for six control circuits. 
5. One "Rauuh" Power Supply (Model 1051F'I'H), wit11 o cilpitbi l i tv 
to supply 8 regulators wit11 524 volts DC and 110 volts AC. 
For further information on the anemometer and its operation, 
one is  r e f e r r e d  t o  t h e  Operating and Serv ice  Manual f o r  Model 1080 
T o t a l  Vector Anemometer by Thermo Systems Inc ,  
2.2 The Probe 
A schematic drawing of t h e  TSI Model 1296E Probe i s  provided i n  
f i g u r e  1, Its main p a r t s  a r e  t h e  t h r e e  sensors ,  the  thermocouple, t h e  
suppor t ing s t r u c t u r e ,  t h e  p r o t e c t i v e  s h i e l d ,  t h e  pneumatic cy l inder  
and valve ,  the  mounting f l ange ,  the  e l e c t r i c a l  l e a d s  and t h e  c a b l e  
connector. 
The t h r e e  sensor  rods  a r e  mounted mutually perpendicular  t o  form 
a Car tes ian  coord ina te  system as shown i n  f i g u ~ e  2. A t h i n  platinum 
f i l m  of approximately 1OOO angstrom th ickness  and 0.080 inch long i s  
placed on a 0.2 inch long,  0.006 inch diameter c y l i n d r i c a l  quar tz  rod.  
A t h i n  coa t  of q u a r t z  over t h e  f i l m  is used t o  provide  environmental 
p ro tec t ion .  The plat inum f i l m  on each rod c o n s i s t s  of two segments, 
separa ted from each o t h e r  by two l o n g i t u d i n a l  s p l i t s  180 degrees a p a r t ,  
The o r i e n t a t i o n  of t h e  s p l i t s  on each sensor  rod is such t h a t  i t  a l lows 
t h e  determinat ion of the  oc tan t  i n  which t h e  ins tantaneous  v e l o c i t y  
vec to r  i s  located.  For minimum support  i n t e r f e r e n c e  t h e  t h r e e  sensor  
rods  a r e  mounted a t  only  one end t o  a long and t h i n  suppor t ing s t r u c t u r e .  
A copper-constantan thermocouple i s  mounted c l o s e  t o  the  sensors  
and measures ambient temperature wi th  a maximum frequency response of 
25 he r tz .  
The t h r e e  sensors  and t h e  thermocouple a r e  p ro tec ted ,  whi le  not  
i n  use,  by an aluminum s h i e l d  which can b e  placed over t h e  sensors  
and retracted pneumatically, Due to difficulties in supplying proper 
air pressure at the sonic orifices when the probes are mounted on a tall 
meteorological tower, the sensors are balanced at the no-flow condition. 
A weak air stream is continuously supplied through the shield, in order 
to keep the sensors free of contamination while not in operation. 
Six TSI 1296E probes were mounted on the,NASA Wallops Island 
250-foot meteorological tower at the 30, 50, 100, 150, 200 and 250- 
foot levels. All probes are mounted in a vertical plane which also 
contains the axis of the tower The maximum horizontally-measured 
distance between the two probes at the 30 and 250-foot levels is 
approximately 13 feet. Each probe is mounted with it8 axis in a hori- 
zontal direction, on a rotor that is controlled from the instrumentation 
trailer and can be rotated about a vertical axis to obtain any posi- 
. tion between 0 and 360 degrees, with an accuracy of about 2 1  degree. 
The rotor is supported by an 8 feet long boom, mounted perpendicular 
to the south face of the 250-foot meteorological tower. 
2.3 The Data Acquisition System 
The Data Acquisition System was designed to provide siniultaneous 
digitized data from one to thirteen TSI 1080 anemometer systems, sam- 
pled at a rate of 200 samples per second, for a time duration of ap- 
proximately 40 minutes. All necessary equipment and controls are 
fixed in an instrumentation trailer placed under the tower. The sys- 
tem consists of two main parts with separated operation: a) the 
I I I I I~L lplcx lng untl atlalog rcbcorci lny, svstem, uhown in figurt* 4 and 11) t l i c l  
demultiplexing,  d i g i t i z i n g  and d i g i t a l  recording system, shown i n  
f i g u r e  5 ,  
Each anemometer provides eeven analog vol tages:  one from t h e  
thermocouple and s i x  from t h e  ho t  f i lms  of each probe. A l l  vo l t ages  
a r e  i n  t h e  range of 0-5 v o l t s .  Each vo l tage  is  frequency modulated 
by a vol tage-control led  o s c i l l a t o r  (Data-Control Systems Inc . ,  Model 
GOV-5C), each wi th  a d i f f e r e n t  cen te r  frequency. For t h e  ou tpu t s  
of each anemometer t h e r e  is  one s e t  of vol tage-control led  o s c i l l a t o r s  
wi th  cen te r  f requencies  of 6, 12, 16, 20, 24, 28, and 32 k i l o h e r t z  
respec t ive ly .  A l l  vol tage-control led  o s c i l l a t o r s  opera te  a t  a devia- 
t i o n  from t h e i r  c e n t e r  frequency of 21 k i l o h e r t z  f o r  a maximum vol tage  
input  25 v o l t s .  The seven frequency modulated s i g n a l s  together  wi th  
a re fe rence  s i g n a l  of 100 k i l o h e r t z  produced by a re fe rence  o s c i l l a t o r  
a r e  summed by a Summing Amplifier (Data-Control Systems Inc. ,  Model 
GAS-5), t o  produce one s i n g l e  multiplexed s i g n a l  of approximately 3 
v o l t s  peak-to-peak, 
The s i x  multiplexed s i g n a l s  from t h e  s i x  anemometers a r e  simul- 
taneously recorded on s i x  s e p a r a t e  channels of a 14-channel analog 
t ape  recorder  (Bel l  and Howell, Model VR3700B). The time-of-day, 
provided by a time-of-day Generator (Hermes E lec t ron ics  Co.) i n  NASA 
f a s t  s e r i a l  time code and m o n i 9 r e d  by a remote d i s p l a y  ( I t e k  Electro- 
Products Co., Model 2124C), is recorded on the  four teen th  channel of 
the  analog t ape  recorder .  
The demultiplexing,  d i g i t i z i n g  and d i g i t a l  recording system 
can handle d a t a  from one anemometer, i.e. one channel of the  analog 
tape  a t  a time. The analog t a p e  i e  played back and t h e  mult iplexed 
s i g n a l  from t h e  d e s i r e d  channel is demultiplexed t o  i t d  seven components 
by pass ing through seven d i s c r i m i n a t o r s  (Data-Control Systems, Inc . ,  
Model GFD-16). The c e n t e r  f r eq tency  of each d i s c i i m i n a t o r  corresponds 
t o  t h e  c e n t e r  frequency of one of t h e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r s  
and each d i sc r imina to r  prcduces an output v o l t a g e  of +5 v o l t s .  A 
re fe rence  d i sc r imina to r  senses  any d e v i a t i o n  i n  the  re fe rence  f r e -  
quency of 100 k i l o h e r t z  caused by f l u c t u a t i o n s  i n  t h e  t ape  speed of 
the  analog t ape  recorder ,  and c o r r e c t s  the  output  of t h e  o t h e r  seven 
d i s c r i m i n a t o r s  wi th  a feedback procedure. 
The s i x  ou tpu t s  corresponding t o  the  s i x  anemometer br idge 
vo l t ages  a r e  each passed through a low-pass E i l t e r  (VTC Model LMI- 
Ion) ,  which removes any frequency component over 100 h e r t z .  Th i s  
i s  necessary i n  order  t o  avoid a l i a s i n g  ( d i s t o r t i o n )  of the  v e l o c i t y  
s p e c t r a  a t  f requencies  below 100 h e r t z .  The thermocouple output  
need not  be f i l t e r e d  s i n c e  i t  does not  con ta in  f requenc ies  h igher  than 
25 h e r t z .  
The seven analog v o l t a g e s  a r e  fed t o  t h e  mul t ip lexing analog-to- 
d i g i t a l  conver ter  (DEC Model ADO1-D). It conver t s  a n  ahalog s i g n a l  
t o  a n  11-bit (p lus  s i g n )  d i g i t a l  word wi th  a time of 5 micro-seconds. 
The t o t a l  scan,  s e t t l i n g  and conversion time f o r  one sample of seven 
vo l t ages  is  50 microseconds, which i s  approximately 1% of the  time 
lntrrvai between two samples. 
, * I lit* rrc.c~rtl~!tl 11nc-of-day Is L-o~ivr r t  cd to  n 32-bi t binary codt.d 
dec iml signal by u serial- to-pari l l  l e l  conver ter  (Herrnes E lec t ron ics  
Co.). This converter is interfaced with the computer by a Digital 
Equipment Corporation custom-designed interface. 
The Computer (DEC Model PDP 11/20) controls the mult1p:exing 
analog-to-digital converter and the digital tape recorder (DEC Model 
TR06-FB) through a tape transport controller (DEC Yodel TB68-C). The 
computer is programmable in DEC PAL-11 assembly language and has an 
8K memory of 16-bit-words. Input and output to the computer is ub- 
tained through a teletypewriter. 
The conversion starts at a time-of-day prescrioed by the opera- 
tor to assure correlated data for the different anemometers. Then 
the analog-tordigital converter performs successive scans and conver- 
sion of the seveli analog voltages into two-byte words at a rate of 
one scan every 5 milliseconds. These words are stored in one of the 
four buffers of the computer. When the buffer, having a capacity 
of 209 scans or 2926 bytes, is filled with data, it is dumped on a 
9-track digital magnetic tape. A total .I£ 2298 blocks or 480,282 data 
points make up one sample of data, extended over a time period of 
approximately 40 minutes. 
2.4 Conversion of the Output Signals into the Actual Quantities 
A detailed discussion of the theory of operation of hot-wire and 
hot-film anemometers can be found in the references 15 and 22. This 
report is limited to a discussion of the empirical expresaions obtained 
through the calibration of the probes from which the three velocity 
components in the sensor-oriented coordinate system can be calculated. 
Each one of t h e  s i x  f f lms of t h e  probe is connected i n  a br idge  
c i r c u i t  as shown i n  f i g u r e  6 and opera tes  a t  a  ca.lstant temperature.  
S p e c i a l  c a r e  has  been taken s o  t h a t  both f i lms  of each sensor  opera te  
a t  the  same temperature,  i n  o r d e r  t o  prevent  h e a t  t r a n s f e r  from one 
f i lm t o  the o the r .  
The br idge vo l tnge  is ampl i f ied  i n  a feedback l o o p  t o  a s c e r t a i n  
thermal i n e r t i a  compensation and is measured t o  provide the  -value E 
el '  
wlhere the  s u b s c r i p t  a = A,B,C  s t a n d s  f o r  t h e  s e r  i-I rod and the  sub- 
s c r i p t  1 = 1,2  s t a u d s  f o r  the appropr ia te  f i l m  ( <  . ,  l i g u r e  2 f o r  the  
exac t  l o c a t i o n  and o r i e n t a t i o n  of a l l  s i x  f i lms) .  The 0-5 v o l t  out-  
put  c i r c u i t  i s  set up s o  t h a t  t h e  b r idge  v o l t a g e  f o r  each f i l m  can 
be obtained from the  corresponding 0-5 output  v o l t a g e ,  V , with  
a i  
the  following express ion 
= 2.V + 3 , a = A,B,C , i = 1,2 . (2.4.1) 
a i 
The h?at  convected from the  e l e c t r i c  heated element t o  t h e  ambient 
a i r  is propor t iona l  t o  t h e  square  of t h e  vo l t age  drop it .  t h i s  element 
and can be approximated by the  fo l lowing express ion 
I 
where K and Ka2 a r e  c a l i b r a t i o n  cons tan t s  f o r  each f i l m  and CFal 
a1 
and CF a r e  c o r r e c t i o n  f a c t o r s  t o  account f o r  cab le  and ambient tempera- 
a2 
t u r e  changes, According t o  r e fe rence  22, the  express ion f o r  these  
c o r r e c t i o n  f a c t o r s  is 
The zero-superscribed quant i t ies  r c i e r  t o  the  TSI ca l ib ra t ion  
conditions. The change of the cable res i s tance  due t o  a change i n  
cable temperature from the PSI ambient temperature, T ~ O ,  is equal t o  
where the temperature c o e f f i c i e ~ t  of r e s i s t i v i t y  fo r  copper, re fe r -  
0 
enced to  the temperature T , can be calculated a s  
a 
m If R is the res i s tance  of the cable measured a t  a temyera- 
C 
a i 
tu re ,  T m, then the cable. res i s tance  a t  TSI ambi?nt temperature can 
C 
be calculated from :he f c l!.owing expression 
The hot-film res i s tance ,  Rg , a t  TSI conditions can be calculated 
Lai 
cold from the  measured cold-film res i s tance ,  R , a s  
f a i  
where a is the measured temperature coef f ic ien t  of r e s i s t i v i t y  of 
a i  
the film. 
The hot-film res i s tance  a t  operation conditions i n  the wind 
tunnel or i n  the atmosphere can be obtained from the hot-film re- 
s i s tance  a t  TSI conditions according t o  the expression 
This is  due to  the f a c t  t h a t  the t o t a l  reriistance i n  the 
bridge arm containing the cable and the fi lm must be constant. There- 
fore ,  a change i n  cable res i s tance  causes a change i n  hot-film res i s -  
tance and, a s  a r e s u l t ,  c h a n ~ e s  the operation temperature of the  fi lm, 
The new operation temperature of the f i lm can be calculated from the 
following expression 
In order t o  be ab le  t o  use the  same empirical expressions when 
the density of the a i r  changes, a l l  ve loc i t i e s  a r e  calculated f o r  
standard pressure and temperature of 
Since the hot-f i l m  sensors measure the mass f lux,  pU, where p 
i s  the a i r  density,  the standard ve loc i ty  Us, can be obtained with 
use of the equation of s t a t e  a s  follows 
When the hot f i lm is  heated i n  flowing a i r ,  the heat convected 
from the f i l m  t o  the a i r  depends on the ve loc i ty  magnitude as well  
a s  the angle of a t tack,  4. The e f f ec t ive  cooling ve loc i ty ,  Ue ,  i s  
defined as  the normal ve loc i ty  t h a t  would produce the same amount 
of cooling from the fi lm, a s  produced by the ac tua l  ve loc i ty ,  U ,  
a t  a par t icu lar  angle of a t tack ,  I$. The standard effective-cool- 
ing veloci ty ,  Ues, can be obtained from the heat t ransfer , .  C, 
throukh an expression of the Lo?lowing form 
there the constants D and n are to be obtained through calibration 
of the probes. In order to obtain identical calibration curves (heat 
transfer versus standard effective-cooling velocities) for all three 
sensors on the same probe, the calibration constants Kai need to be 
adjusted. 
According to reference 8, the standard effective-cooling velocities 
are related to the magnitude of the standard velocity, Us, and the 
angle of attack, Q, by the expression 
where the constants k kg, are of the order of 0.1 and have to be A ' 
determined through calibration. The three sensor-yaw angles $A, $B 
and 4~ have the following trigonomctric relationships 
sin2mA + sin2mB + = 1 
and 
c0s2+~ + C O S ~ $ ~  + COS'+~ = 2 
Assuming that identical values cf ka exist for all three 
sensors and using the above trigonometric relationships, one obtains 
the magnitude of the standard velocity in terms of the standard 
effective-cooling velocities of the three sensors, as follows 
where the  constant  kav is  of t h e  order  of 2.1. Now t h e  sensor-yaw 
angles  can be ca lcu la ted  from 
U 
I$a / = a r c s i n  
where the  c o e f f i c i e n t s  CA, CB, CC a r e  t h e  r e c i p r o c a l  of t h e  respec- 
t i v e  maximum va lues  of Ues /Us a t  zero  sensor-yaw angle.  I d e a l l y ,  
a 
t h e  va lues  of these  c o e f f i c i e n t s  should be equal  t o  one, but  due t o  
experimental  e r r o r s  and e r r o r s  i n  curve f i t t i n g  they may d e v i a t e  a 
small  amount from un i ty .  
The s i g n  r f  each ang le  can be  determined by comparing t h e  r a t i o  
of the  vo l tages  of t h e  two f i l m s  of some o ther  sensor t o  t h e  r a t i o ,  
3 ,  of t h e  vo l tages  of t h e  same two f i l m s ,  when t h e  v e l o c i t y  vec to r  l i e s  
i n  t h e  plane of t h e i r  s p l i t .  Hence, 
> 0 when BCl/EC2 > R C 
$B > O when EA1 /EA2 > !IA 
and 
4C > 0 when Es1/E,2 ' R?3 
The a c t u a l  v e l o c i t y  components i n  t h e  sensor-oriented coordinate  
system w i l l  be ca lcu la ted  by t h e  equat ions  
Ua = U sin$a , a = A,R,C P ( 2 . 4 . 1 6 )  
where the  actual  v e l o c i t y  magnitude, U ,  i s  ca lcu la ted  from the standard- 
velocity magnitude, Us, by 
The ambient temperature can be calculated from the output voltage 
of the thermocouple, according to the following linear expression 
Ta = CTlg'VT + CT2 9 (2.4.18) 
where the values of the constants C and C are determined throug;~ 
T 1 T2 
calibration of the thermocouple. It is assumed that the thermoco~ples 
are not affected by the heat convected from the hot films. 
2.5 Calibration of the Anemometers 
It was concluded in reference 22 that the data analys's suggested 
by TSI does not possess the required accuracy. Therefore, a new 
method based on new calibration procedures was developed. It was also 
concluded that accurate measurements with the TSI 1296E probe are only 
obtained when the mean velocities are in a direction nearly-parallel 
to the axis of the probe. This can be made possible for the tower 
measurements by rotating the probe, until it is approximately in the 
mean wind direction. If during the measurement period of 40 minutes 
the mean wlnd would change direction appreciably, the data would be 
discarded as being non-stationary. 
The calibration of the split-fi!m sensors was carried out in 
the low-speed Aerolab wind tunnel, located in the Quality Veri- 
fication and Calibration Facility at NASA, Wallops Flight Center., 
18 
The t e s t  s e c t i o n  dimensions a r e  32 i n c h e ~  (height)  by 45 inches  
(width) by 4d inches ( length).  The a i r  f low is produced by q three-  
b lade v a r i a b l e  p i t c h  p rope l le r ,  moved by a 1160 RPM i 50 HP con- 
s t a n t  speed e l e c t r i c  motor. Temperature and a i r  speed i n  t h e  t e s t  
s e c t i o n  a r e  measured wi th  an  e l e c t r o n i c  thermometer (Atkins H-51) 
and twc e l e c t r o n i c  manometers (CGS Models 1015 and 1014A) recyec- 
t i v e l y .  Their  outputs ,  toge ther  wi th  the  s i x  v o l t a g e s  from t h e  
TSI anemometers a r e  scanned, d i g i t i z e d  ~ n d  averaged f o r  a period 
of approximately 2 seconde. The d a t a  a c q u i s i t i o n  system is  con- 
t r o l l e d  by a HP 9810A programmable c a l c u l a t o r  and a HP 2570A 
couple r /con t ro l l e r .  The average va lues  of t h e  temperature,  t h e  
standard v e l o c i t y  and t h e  s i x  b r idge  vo l tages  from t h e  TSI anemo- 
meter a r e  p r in ted  on paper tape.  
The probe was mounted on a v e r t i c a l  support  and could be  
r o t a t e d  i n  a h o r i z o n t a l  p lane a t  any probe-yaw angle ,  B, while 
t h e  probe-pitch angle,  a ,  was he ld  equal  t o  zero. Rotat ion of 
90 degrees of t h e  probe on t h e  support  o f f e r e d  t h e  p o s s i b i l i t y  
of varying t h e  p i t c h  ang le ,  a ,  whi le  keeping t h e  probe-yaw ang le ,  
B, equal t o  zero.  Three s e t s  of d a t a ,  each f o r  1 3  d i f f e r e n t  flow 
v e l o c i t i e s  between 3.5 and 50 f e e t  per second were f i r s t  taken,  
with t h e  probe i n  such a p o s i t i o n  t h a t  one sensor a t  a time was 
perpendicul-ar t o  t h e  flow. From t h e  geometry of t h e  sensor a r r a y  
i t  can be seen t h a t  A is perpendicular t o  t h e  f low when ci = -35.26 
degrees and $ = 0 degrees ,  B is  perpendicular t o  t h e  flow when 
a = 0 degrees and f3 = 33.25 degrees and C is  perpendicular t o  t h e  
flow when a = 0 degrees and $ = -39.25 degrees.  Nine more s e t s  of 
d a t a ,  each f o r  f i v e  a i r  v e l o c i t i e s  between 6 and 35 f e e t  per second, 
were a l s o  taken f o r  a = 0 and B = 0 ,  210, 220, 230 and 250 degrees.  
The d a t a  required f o r  t h e  c a l c u l a t i o n  of t h e  temperature cor- 
r e c t i o n  f a c t o r s  f o r  each f i l m  a s  given by equat ion 2.4.3 a r e  ob- 
tained from t h e  following measurements. The r e s i s t a n c e  of t h e  cold 
f i lms ,  R'o'~, a t  ambient temperature T'o'~, a s  w e l l  a s  t h e  cab le  
f ai f --
m r e s i s t a n c e s ,  R , a t  temperature T *, a r e  measured wi th  a preci -  
ai C 
s i o n  d i g i t a l  vol t -oh-meter  (Fluke Model 8200A). The temperature 
c o e f f i c i e n t  of r e s i s t i v i t y  of t h e  f i lms ,  acold, is c a l c u l a t e d  
f a i  
from measuremel. s i n  t h e  thermal-chamber, a l s o  located i n  t h e  
Qual i ty  V e r i f i c a t i o n  and Ca l ib ra t ion  F a c i l i t y .  
The d i f f e r e n t  cons tan t s  t h a t  a r e  necessary f o r  t h e  calcula-  
t i o n  of t h e  v e l o c i t y  components w i l l  now have t o  be determined from 
t h e  above measurements. F i r s t ,  t h e  r a t e  a t  which hea t  i s  convected 
from each sensor when it i s  perpendicular t o  t h e  flow is ca lcu la ted ,  
by making use of t h e  equat ion 2.4.2 and us ing va lues  suggested 
by TSI  a s  a f i r s t  approximation f o r  t h e  cons tan t s  K 
a i*  Then t h e  
heat  f luxes  f o r  t h e  t h r e e  sensors  a r e  p l o t t e d  versus  t h e  s tandard 
v e l o c i t i e s  and t h e  va lues  of K a r e  ad jus ted ,  s o  t h a t  t h e  da ta  
a i  
c o l l a p s e  t o  one s i n g l e  curve. 
The next s t e p  is  t o  determine t h e  proper c o e f f i c i e n t  D and 
exponent n i n  t h e  express ion 2.4.11, which w i l l  f i t  t h e  experi-  
mental  data.  It has  been found t h a t  not  one s i n g l e  s e t  of va lues  
f o r  D and n w i l l  desc r ibe  t h e  c a l i b r a t i o n  curve adequately.  The 
calibration curve has to be divided into three ranges with different 
values of D and n in each range. 
Once the heat flux versus effective cooling-velocity relation 
has been established, the standard cooling velccities, Ues , can be 
calculated for different sensor-yaw angles. Accepting that an 
expression of the form of 2 . 4 . 1 4  exists, an average value of the 
coefficient kav canbe obtained, for which the probe is expected to 
operate most of the time. The value of the standard velocity magni- 
tude, Vs, is obtained from the measurement of the dynamic pressure 
by a Pitot-static tube in the wind tunnel. 
The final step is to determine the constants for the expression 
2.4.15, which yield the magnitudes of the sensor-yaw angles. These 
constants for sensors B and C are obtained by fitting a curve of the 
form 2.4.15 to the calibration data, obtained by plotting of the 
velocity ratios Ues/Us versus the respective sensor-yaw angles. In 
order to obtain the yaw angle for sensor A, use is made of the trigona- 
metric relationship 2 . 4 . 1 3 .  
The copper-constantan thermocouple is independently calibrated. 
First the zero and gain potentiometers were set up approximately, so 
an output-voltage range of 0  to 5 volts DC corresponds to a 
temperature range of 0 to 200 degrees Fahrenheit. Then the thermo- 
couple was placed in ther thermal-chamber and measurements of the out- 
put voltage were taken for temperatures in the range from 20 to 100 
degrees Fahrenheit. Fitting the so obtained data to a straidht line 
permits the calculation of the values of the constants in the expression 
2.4.18. 
As an example of the above calibration procedure and its accuracy, 
the calibration constants and the observed calibration errors are pro- 
vided for the TSI #I193 Anemometer, which was placed in the 100-foot 
level of the meteorological tower. The experimental values of Ues/Us 
and the semi-empirical relation of the form of equation 2.4.15 are 
plotted versus the sensor-yaw angle, 4 ,  in figure 7 for sensor B and in 
figure 8 for sensor C. The calibration curve for the heat flux versus 
the standard effactive cooling velocity for all three sensors is shown 
in figure 9. All necessary calibration constants are provided in 
table I. Finally, the observed calibration error tn the calculation 
of the velocity components versus sensor-yaw angle is shown in figure 
10 and the error in the calculation of the velocity magnitude versus the 
probe-yaw angle is shown in figure 11. 
CHAPTER I11 
STATISTICAL ANALYSIS OF THE DATA 
3.1 Limita t ions  of Disc re te  Time H i s t o r i e s  
Consider a physical  q u a n t i t y  x ( t )  , which shows a random v a r i a t i o n  
k 
with time. Every record,  x ( t ) ,  of t h e  output  of a n  instrument measur- 
ing t h e  q u a n t i t y  x ( t )  over a f i n i t e  t ime i n t e r v a l  is c a l l e d  a time 
h i s to ry .  Every rzcord of x ( t )  extending over an  in£ i n i t e  time i n t e r v a l  
i s  c a l l e d  a sample funct ion.  The ensemble of a l l  poss ib le  sample func- 
t i o n s ,  t h a t  can be recorded i f  t h e  measurement of x ( t )  i s  repeated an 
i n f i n i t e  number of t imes,  is  c a l l e d  t i m e  s e r i z s  (or random process 
k o r  s t o c h a s t i c  process)  and is denoted a s  {x ( t )  1. The assumption of 
e r g o d i c i t y  permits t h e  d e r i v a t i o n  of des i red  information about t h e  
e n t i r e  time s e r i e s  from t h e  a n a l y s i s  of a s i n g l e  a r b i t r a r y  time h i s t o r y .  
I n  many cases ,  t h e  continuous output  of t h e  measuring ins t ruments  
i s  d i g i t i z e d  and sampled a t  some appropr ia te  uniform time increment, ~ t ,  
over a t o t a l  time i n t e r v a l ,  T. Then t h e  time s e r i e s  which i s  being 
measurcd is  represented by t h e  d i s c r e t e  time h i s t o r y ,  xi, where by 
d e f i n i t i o n  
x = x ( i * . \ t )  f o r  i = 1 , 2  ,..., N (3.1.1) 
i 
and t h e  t o t a l  record time, T ,  is equal t o  t h e  time increment, A t ,  ti111es 
t l lc  nun~l>t*r o f  dilto p o i n t s  i n  tlle s a n ~ l ~ l e ,  N .
'I'llc a n a l y s i s  of d i s c r e t e  time l i i s t o r i e s  is subjected t o  t h e  f o l -  
lowing c o n s t r a i n t s :  
i )  Sampling of t h e  time a e r i e s .  
i i )  F i n i t e  record length .  
i i i )  D i s c r e t i z a t i o n  of da ta .  
i v )  Res t r i c ted  range of d a t a ,  due t o  t h e  l imi ted  response of t h e  
t ransducer  used. 
It is required t h a t  t h e  e f f e c t s  of these  c o n s t r a i n t s  a r e  confined 
by t h e  use  of appropr ia te  techniques.  
3.2 Basic S t a t i s t i c a l  D e f i n i t i o n s  
Giver! any sample func t ion  of time, x ( t ) ,  i t s  mean value ,  px,  is  
defined as 
while its mean square value ,  y 2 ,  i s  def ined a s  
X 
The average of t h e  squared d i f f e r e n c e s  of each va lue  of x ( t )  from 
t h e  mean va lue  is c a l l e d  t h e  var iance,  a:, def ined a s  
The square r o o t  of t h e  va r iance ,  a,, is  c a l l e d  standard dev ia t ion .  
Given tuo sample funct ions ,  x ( t )  and y ( t )  , t h e i r  covar lance,  u i y ,  
is defined a s  
a2 .I l i m  1'1 x ( t )  - u,] [ y ( t )  - US d t  757 -T . (3.2.4) XY T- 
The dependence of f u t u r e  va lues  of t h e  considered sample func t ions  
x ( t )  o r  y ( t )  upon the  present  va lues  af x ( t )  is descr ibed by t h e  auto- 
c o r r e l a t i o n  funct ion,  Rx (?), and t h e  c ross -cor re la t ion  func t ion ,  \ y ( ~ ) ,  
which a r e  respec t ive ly  def ined a s  
1 \ (T)  = l i m  - f x ( t )  x ( t  + ~ ) d t  , (3.2.5) 
T- 2T -T 
and 
When a d i s c r e t e  time h i s t o r y ,  xi, where i = 1,2,...,N is given,  
- 
i t s  mean value ,  x,  is def m e d  a s  
Then any ins tantaneous  va lue ,  x i ,  can be considered a s  t h e  corn- 
- 
b i n a t i o n  of a s t a t i c  o r  mean component, x ,  and a dynamic o r  f l u c t u a t i n g  
component, xi, so t h a t  
A s  a r e s u l t  of t h e  d e f i n i t i o n  of t h e  mean value ,  i t  comes out  t h a t  
t h e  mean va lue  of t h e  f l u c t u a t i n g  component is  equal t o  zero ,  i . e .  
I n  many case5 i t  is necessary t o  remove t h e  mean component from 
the  d i s c r e t e  time h i s t o r y  and t h e r e f o r e  generate  a new mean-free time 
h i s t o r y ,  which con ta ins  only the  f l u k t u a t i n g  component. This is  ob- 
- 
ta ined by s u b t r a c t i n g  t h e  mean value ,  x ,  from each ins tantaneous  value ,  
XiB of t h e  o r i g i n a l  time h i s t o r y .  
I f  xi, f o r  i = 1,2,  ..., N ,  i s  such a mean-free time h i s t o r y ,  i t c  
variance, 7, i s  given by the expression 
N 
If  x and y a r e  both mean-free time h i s t o r i e s ,  t h e i r  covariance, 
i i 
- 
xy, is  defined a s  
The ex is te rce  of slowly varying mean values i n  the time h i s t o r i e s  
r e s u l t s  i n  greRt d i s to r t i ons  of t h e i r  spec t r a l  estimates. Therefore, 
it  is good prac t ice  t o  remove the means from the  da ta  before proceeding 
wfth the spec t r a l  analysis .  The removal of the means proved necessary 
fo r  time h i s t o r i e s  re la ted  t o  atmospheric measurements, such a s  a ir  
veloc i ty ,  temperature and pressure. 
3 . 3  Par t i t i on  of Each Sample of Data i n to  Blocks 
A s  described i n  Chapter 11, each sample of da ta  from each TSI 1080 
probe cons is t s  of four d i s c r e t e  time h i s to r i e s ,  namely the three velo- 
c i t y  components i n  the sensor oriented coordinate system and the  temper- 
a ture ,  sampled a t  a  r a t e  of 200 points  per second, fo r  a  time period 
of approximately 40 minutes. The t o t a l  number of da ta  points  i n  each 
time h is tory  is a p p r o x i ~ a t c l ~  48C, 000. 
The simultaneous spec t r a l  analysis  of t h i s  number of data  points  
is  f a r  beyond the capacity of any ava i lab le  computer. It is therefore  
necessary t h a t  each time h is tory  is divided in to  a  number of data  blocks 
and tha t  the s t a t i s t i c a l  and spec t r a l  ana lys i s  i s  applied separately t o  
each block. A s  w i l l  be explained i n  Chapter 4.3, t h e  most e f f i c i e ~ t  
use of t h e  f a s t  Four ier  transform r e q u i r e s  t h a t  t h e  number of d a t a  
p o i n t s  per block is equal  t o  an  inte,..r Fawer of 2, Acts considera- 
t i ~ n  of t h e  capac i ty  of t h e  IBM 370 computer t h a t  was used, the  number 
of d a t a  po in t s  per block was chosen t o  be  N = 2 1 3  - 8192. Consequently, 
the  number of d a t a  b locks  i n  each time h i s t o r y  had t o  be taken a s  ?l - 58, 
s o  t h a t  t h e  t o t a l  number of d a t a  i n  each t ime h i s t o r y  was reduced t o  
Y O N  = 475,136 , corresponding t o  a t ime per iod of approximately 39 min- 
u t e s  and 35 seconds, 
Assuming t h a t  t h e  d a t a  sample t s t a t i o n a r y ,  mean q u a n t i t i e s ,  v a r i -  
snceo and covar iances  i n  each block were f i r s t  c a l c u l a t e d  and l a t e r  
a l l  h lock means, va r i ances  and covar iances  were averaged t o  provide the  
sample mcan va lues ,  t h e  samp1.e va r i ances  and t h e  sample covar iances  of 
the f l u c t u a t i o n s  of the  t h r e e  v e l o c i t y  components and rhe temperature.  
3.4 S t a t i o n a r i t y  T e s t s  
A s  a l r eady  mentioned i n  former chap te r s ,  t h e  s t a t i s t i c a l  and spec- 
t r a l  a n a l y s i s  i s  based on t h e  assumption t h a t  t h e  time h i s t o r i e s  a r e  
s t a t i o n a r y .  Therefore ,  i t  i s  required t h a t  t h i s  assumption is  c a r e f u l l y  
zhecked. This w i l l  be done i n  two ways: 
1. By simply inspec t ing  t h e  v a r i a t i o n  of the  block means, t h e  
hlock s tandard d e v i a t i o n s  and t h e  blnck probe-yaw angles .  Large var ia -  
t i o n s  of the  n u n  wind, whi le  l a r g e  v a r i a t i o n s  of t h e  standard deviil- 
tlons i l rd ica te  t h a t  t h e  frequency s t r u c t u r e  of t h e  turbulence  is  vary- 
ing w i t 1 1  time. The magnitude of t l r ~ l  prohe-yaw angle ,  1.e. the  angle  (t 
between the  longitudinal a x i s  of the  probe and t h e  d i r e c t i o n  of t h c  
hor izon ta l  mean wind, w j l l  a l s o  determine the  l e v e l  of accuracy of the  
probe opera t ion ,  s i n c e  t h e  most accura te  d a t a  a r e  obtained when the  
prohe i s  d i r e c t e d  s t r a i g h t  i n t o  the  meat? w'nd d i r e c t i o n .  
2.  Rp d e t e c t i n g  mono~onic  t r ends  us ing t h e  following nonsta t ion-  
n r i t v  t rend t e s t .  
i If A , i - 1 , 2 , , , . , H  represen t  any uf the s t a t i s t i c a l  q u a n t i t i e s  
calculatc?d i n  the  tth d a t a  b lock,  t h e  t o t a l  number of r everse  arrange- 
ments, R ,  is defineti a s  
Assuming a  normal d i s t r i b u t i o n  f o r  the  number of xeverse arrange- 
ments, t h e r e  e x i s t s  a  c e r t a i n  i n t e r v a l  [R ,R ] f o r  the  va lues  of R, i n  
1 2  
whict, one can be  assured a t  a  c e r t a i n  l e v e l  of confidence,  u ,  t h a t  
tho c!ata sampl? does not  show any monotonic t l e n d .  r o r  values  of R 
g r e a t e r  than R , a downward t rend of t h e  s t a t i s t i c a l  quan t i ty  t e s t e d  
2 
i.s t o  bl? cxpic ted,  while f o r  va lues  of R smal ler  than R , the  d a t a  
1 
snmnlc~ shows an upward t rend of t h e  r e s p e c t i v e  s t a t i s t i c a l  a u a n t i t v .  
The l i m i t s  of t h e  s t a t i o n a r i t y  i n t e r v a l  have been calcul.atcd i n  
r e fe rence  23  f o r  n t o t a l  number cf b locks ,  Y,  between 10 and 100. 
For !I = 58, i t  was found t h a t  a t  a  confidence l a ~ e l ,  a ,  equal  t o  90%, 
t h e  lower l i m i t ,  R , is equal  t o  703 and the  upper l i m i t ,  R , i s  equal  
1 L 
to 949, while at a confidence level 98%, R is equal to 652 and R is 
1 2 
equal to 1000. 
The stationarity trend test is performed for the block means of 
the three velocity components, the magnitude of the velocity vector 
and the probe-yaw angle, as well as the block standard deviations of 
the three velocity components. 
Rased on the results f the inspection and the nonstationarity 
trend test of the block statistical quantities, a decision will he 
made at this point whether or not to continue the statistical analysis 
for each one sample of data. 
3.5 Coordinate Transformation into the Mean-Wind Oriented Coordinate 
Svstem 
The TSI 1030 anemometers provide the three components U UR an~i A' 
UC of the wind velocity vector in the Cartesian system that is formed 
by the three sensors, as shown in figure 2. 
Nevertheless, the velocity components have to be expressed in some 
coordinate systen, which is physically connected with the flow field. 
For this purpose, the mean-wind oriented coordinate system, with co- 
ordinate directions x,y and z was introduced. This is a Cartesian 
system, where the z-axis is vertically upward, the x- and y-axes are 
horizontal and the sampie mean velocity vector has to lie in the x-z 
~ l n n t . .  'Then, bv tlof ini tion, tllt 11-conponc~nt of the sample mean vel-oci ty 
is zero. On thc  other hand, sincc tile flow in the atmospheric boundary 
layer is almost horizontal, it is expected that the z-component of the 
the temperature, T (in degrees Fahrenheit), the longitudinal velocity 
component, u, the lateral velocity covponect, v, and the vertical velo- 
city component, w (all velocity components are expressed in feet per 
second). Again as before, each time history is divided into 58 blocks 
of 8192 data points each. 
sample mean velocity vector will be very small compared to the x-component. 
Using geometrical relations between the two coordinate systems, 
one finds that the transformztion will have the following matrix form 
where u, v and w are the velocity components in the xyz-system and I' is 
the sample probe-yaw angle, defined as the angle between the axis of the 
probe and the x-axis, as shown in figure 3. 
According to the geometry of the probe, the sample probe-yaw angle 
can be calculated from the following expression 
- 
where U and are the sample mean values of the velccity components 
A' R C 
Ui,, LIB and U respectively . C 
3.6 Calculation of the Mean Values, Variances and Covariances 
After the transformation of the velocity components into the mean- 
wind oriented coordinate system, the time histories to be analyzed are 
The sample-mean values are calculated in two steps. First, the 
block-mean values, iin, are calculated from the expression 
and then all block-means are averaged to produce the respective sample- 
- 
mean values, x, as follows 
where x represents any one of the quantities T, u, v or w. 
For the calculation of the variances and covariances, it is neces- 
sary to use time histories with zero mean values. Therefore, the 
block-means have to be subtracted from all values in each block and 
.. the block-variances, ?, and sample-covariances, xy , of the time 
histories represeltted by x and y,are calculated as 
and 
- 
The sample-variances, 7, and sample-covariances, xy, are calculated 
as the average of the respective block-quantities, as follows 
CI'APTEF. IV 
SPECTRAL CALCULATIONS 
4.1 Definitions 
The nature ~ n d  properties of a physical system, whose character- 
istics are measdred as functions of time, are well illustrated with 
the spectral density functions in the frequency donlain. 
A function that describes the general frequency composition of the 
measured quantity, x ( t ) ,  and the relative significance of every frequency 
is the power spectral density function, G,(f). There exist three wavs 
by which the power spectral density function can be defined. 
1. From the direct Fourier transform of the function x(t) , accord- 
ing to the expression 
2. From the Fourier transform of the autocorrelation function, as 
f 011 ows 
3. From the mean square value of the output of a sharp band-pass 
filter. The filter output, x(t,f,Af), consists of the portion of x(t) 
that lies in a frequency range with center frequency f and bandwidth Af. 
The power spectral density functLon is then defined as follows 
A l l  t h r e e  d e f i n i t i o n s  of t h e  power s p e c t r a l  d e n s i t y  func t ion  a r e  
asymptot ica l ly  equ iva len t ,  when appl ied  t o  s t a t i o n a r y  t ime s e r i e s .  The 
power s p e c t r a l  d e n s i t y  func t ion  is always a real-valued,  non-negative 
func t ion  of frequency. Its complete p l o t  ve r sus  frequency is  c a l l e d  
power spectrum. Since nega t ive  f requenc ies  do not  possess  any phys ica l  
meaning, t h e  power spectrum extends only i n  t h e  p o s i t i v e  frequency domain. 
The j o i n t  p r o p e r t i e s  of two func t ions  of t i m e ,  x ( t )  and y ( t ) ,  i n  
t h e  frequency domain, a r e  descr ibed by t h e  c ross - spec t ra l  d e n s i t y  func- 
t i o n  G ( f ) .  S imi la r  t o  t h e  power s p e c t r a l  d e n s i t y  func t ion ,  t h e  
XY 
c ross - spec t ra l  d e n s i t y  func t ion  can be def ined i n  t h r e e  equival-ent ways. 
1. From t h e  Four ie r  transform, Y(f ,T) , of y ( t )  and the  complex 
conjugate ,  X* ( f  ,T) , of t h e  Four ie r  transform of x ( t )  , a s  fo l lob  - 
Gx,(f) = 2 l i m  1 , (4.1.4) T- 
where the  f i n i t e  Four ie r  t r a n s f  o m ,  X(f ,T) , of t h e  func t ion  x ( t )  i n  t h e  
i ~ ~ c e r v a l  (-T,T) i s  def ined a s  
2. From t h e  c r c s s - c o r r e l a t i o n  func t ion ,  according t o  t h e  expres- 
s ion 
3. From t h e  product of t h e  output  of two band-pass f i l t e r s ,  ap- 
plied t o  the f u n c ~ i o a r  x ( t )  and y ( t ) ,  according t o  the expression 
Gxy(f) = l i m  x ( t , f , ~ f ) e y ( t , f , ~ f ) d t  -
A f+O -T 
where the function ~ ' ( t , £  ,A£) is equal t o  the funct ion y ( t , f  ,A£)  s h i f t e d  
90 degrees i n  phase angle. 
The cross-spectral  densi ty  funct ion is i n  general a complex func- 
t i on  of frequency , cons is t ing  of a r e a l  pa r t ,  Cxy(f) , ca l led  coincident 
o r  co-spectral densi ty  funct ion and an imaginary pa r t ,  -Qw(f) ,  cal led 
quadrature o r  quad-spectral densi ty  funct ion,  1.e. 
Gxy(f) = Cxy( f )  - iQw( f )  (4.1.8) 
Alternat ively,  the cross-spectral  densi ty  funct ion can be expressed 
i n  polar form as 
-i0 ( f )  
~ ~ ~ ( f )  = I G ~ ( ~ )  Iee XY 
where the magnitude and the phase angle a r e  r e l a t ed  t o  the co- and 
quad-spectral densi ty  functions by the expressions 
and 
oxy(f) = arc tan  [:xy:::l 
A real-valued quant i ty ,  which is  r e l a t ed  t o  the cross-spectral  
~ l t ~ n s  [ t y I ' t l n ( . t  i r v l ,  I s  t l ~ c  co l~t*r~*t~cc .  f uoction, Jef  incd as 
The coherence func t ion  i s  a measure of t h e  c o r r e l a t i o n  between t h e  
va lues  of two func t ions  of time and t akes  va lues  between 0 and 1. When 
t h e  coherence func t ion  i s  equal t o  zero  f o r  a c e r t a i n  frequency, f ,  t h e  
two funct ions ,  x ( t )  and y ( t )  , a r e  s a i d  t o  be  incoherent a t  t h e  frequency 
f .  When t h e  coherence func t ion  is equal t o  un i ty  f o r  a l l  f requencies ,  
t h e  two func t ions  a r e  s a i d  t o  be f u l l y  coherent.  
The g raph ica l  r e p r e s e n t a t i o n  of t h e  c ross - spec t ra l  d e n s i t y  func t ion  
is c a l l e d  cross-spectrum. It c o n s i s t s  of t h e  p l o t  of both  t h e  magni- 
tude and t h e  phase ang le  of t h e  c ross - spec t ra l  d e n s i t y  func t ion  versus  
frequency . 
Based on t h e  d e f i n i t i o n s  mentioned above, t h r e e  d i f f e r e n t  methods 
f o r  t h e  c a l c u l a t i o n  of t h e  power- and c ross - spec t ra l  d e n s i t y  func t ions  
a r e  ava i l ab le .  The recen t  development of FFT ( f a s t  Four ier  transform) 
techniques made t h e  d i r e c t  Four ier  transform exceedingly advantageous 
f o r  t h e  s p e c t r a l  a n a l y s i s  of long time h i s t o r i e s .  Therefore,  t h e  
d i r e c t  Four ier  transform method based onanew FFT technique,  as des- 
c r ibed  i n  t h e  following s e c t i o n s ,  w i l l  be  used. 
4.2 F i n i t e  I n t e r v a l  E f f e c t  -- Cosine Taper Data Window 
Any time h i s t o r y  is  by d e f i n i t i o n  extended over a f i n i t e  time i n t e r -  
v a l .  Def in i t ions  and equat ions ,  which a r e  proper f o r  i n f i n i t e  time 
s e r i e s ,  may be erroneous, when appl ied t o  time h i s t o r i e s .  Therefore,  
c a r e f u l  cons idera t ion  of t h e  f i n i t e  i n t e r v a l  e f f e c t  has  t o  be made. 
The general Four ier  transform, X ( f ) ,  of the  time func t ion  x ( t )  i s  
defined a s  
while the finite Fourier transf orm, ~ ( f  ,T) , of the time history x(t), 
where t lies in the interval [-T,T], is defined as 
Any time history can be considered as produced by a sample function, 
x(t), multiplied by a window function, w(t), which eliminates all values 
of x(t) outside the interval [-T,T] . The window function that permits 
all values in the interval [-T,T] to pass undeformed is called the 
rectangular or boxcar window function and is defined as 
With the use of the rectangular window function, the finite Fourier 
transform can be alternatively expressed as 
According to the convolution theorem, the finite Fourier transform can 
also be considered as the convolution of the general Fourier transform, 
X(f), with the Fourier transform, W(f,T), of the window function, i.e. 
The Fourier transform of the rectangular window function i*, cal- 
,\) 
-i2 rift. T 
W(f ,T) = Iw(t)* e -12 flitdt = sin 2nf t d t P  / e  . ( 4 . 2 . 6 )  
-0 -T nf 
The rec tangu la r  window func t ion  and i t s  Fourier  transform f o r  
p o s i t i v e  f requencies  a r e  shown i n  f i g u r e  12.  
The e f f e c t  of t h e  rectangular  window can be i l l u s t r a t e d  wi th  t h e  
following example, Consider t h e  s i n u s o i d a l  func t ion  x ( t )  = cos 2n f  t ,  
0 
where f  is a  constant frequency. Its i n f i n i t e  Four ier  transform is  
0 
ca lcu la ted  t o  be  
X(f) = $[6(f + f,) + 6(f - f  ) ]  s ( 4 . 2 . 7 )  
0 
whi le  i t s  f i n i t e  Four ier  transform i n  t h e  i n t e r v a l  [-T,T] i s  c a l c u l a t e d ,  
according t o  equat ion 4.2.5, a s  
r s i n Z n ( f  + f o ) T  s i n  2n(f - fo)T 
X(£,T) = $ 1 + I . (4.2.9) n(f + fo)  n(f  - f o )  
The func t ions  X(f) and X(f ,T) a r e  p l o t t e d  versus  frequencv i n  
f i g u r e  13 f o r  t h e  range of p o s i t i v e  f requencies  and f o r  t h e  case  when 
t h e  product f  T is equal t o  5. A s  can be seen i n  t h i s  f i g u r e ,  t h e  
0 
funct ion X(f)  has  a  non-zero v a l u e  only a t  t h e  po in t  f  = fo ,  while t h e  
func t ion  X(f,T) extends over t h e  e n t i r e  frequency domain and p resen t s  
p o s i t i v e  and negat ive  peaks, c a l l e d  s idelobes .  
When x ( t )  i s  a wide-band func t ion  ( i . e .  having a  wide £I-equency 
spectrum), i t s  f i n i t e  Four ier  transform w i l l  c o n s i s t  of t h e  superim- 
posed e f f e c t s  of a l l  f requencles ,  according t o  equat ion 4.2.5. A l -  
though t h e  negat ive  s ide lobes  e f f e c t  w i l l  now be much smaller than i n  
t h e  narrow-band funct ion case ,  a d i s t o r t i o n  i n  t h e  s p e c t r a l  e s t imates  
is t o  he  expected. Under c e r t a i n  circumstances, i t  is  even poss ib le  t h a t  
negat ive  values  of the  power s p e c t r a l  dens i ty  func t ion  appear f o r  
c e r t a i n  f requencies ,  which is  opposed t o  the  phys ica l  s i g n i f i c a n c e  of 
t h i s  funct ion.  This danger is  reduced by rep lac ing  t h e  rec tengu la r  
window function with some other  window function, which presents  lower 
sidelobes . 
From t'ne exis t ing  number of da t a  window functions, which have been 
suggested and used by d i f f e r e n t  authors, the cosine taper  data  windw 
function was chosen as most s a t i s f ac to ry  f o r  meteorological time h i s -  
t o r i e s .  The cosine taper  da t a  window function deforms one tenth of the 
da ta  a t  each end by multiplying these da t a  by a ha l f  cosine b e l l  and 
!.eaves the rest e ight  tenths  of the data  undeformed. This window func- 
t ion  i s  defined i n  the i n t e r v a l  [-T,T] as follows, 
e T < ltl ~ ( t )  = k [ 1 + cos - l:rtj 0 . 8 ~ 2 I t l l ~  0 5 It( < 0.8T . (4.2.9) 
The Fourier transform of the cosine taper  da t a  window function is  
Both the cosine taper  da ta  window function and its Fourier trans- 
form a re  shown i n  f igure  14. Compared t o  the rectangular window function, 
i t  shows lower sidelobes and, therefore,  produces l e s s  leakage i n  the 
s p e c t r a l  estimates. Nevertheless, the spec t r a l  e s  timatee have t o  be 
mult ipl ied by a s ca l e  f ac to r  of 110.875, due t o  the deformation of pa r t  
of the data .  
4.3 The Fast Fourier Transform 
4.3.1 Introduct ion 
Consider a real-  or  complex-valued d i s c r e t e  time sequence, xk, 
f o r  k = 0,1,2, ,  . . ,N-1 which cons is t s  of N data  points  sampled a t  a 
uniform time increment, ~ t ,  s o  t h a t  the t o t a l  time i n t e r v a l ,  T, is 
equal t o  N o ~ t .  The f i n i t e  Fourier transform of t h i s  time sequence, 
a s  defined by equation 4.2.2, has t o  be approximated by the d i s c r e t e  
Fourier transform, Xr,  defined as follows 
This expression can be obtained from equataon 4.2.2 by replacing 
kT 
the time, t ,  by - T N ' the  time increment, A t ,  by - and the frequency, f , N 
r 
by T. The d i s c r e t e  Fourier transform cons is t s  of N d i s c r e t e  v ~ l u e s ,  
corresponding t o  N consecutive frequencies,  separated from each other  
1 
with a frequency increment, A f , equal t o  - T' 
The computation of the d i s c r e t e  Fourier transform of a complex da ta  
sequence of N poin ts ,  according t o  equation 4.3.1, requires  N complex 
mul t ip l ica t ions  and add ' t ions.  For an adequately l a rge  number of da ta  
points ,  t h i s  n u d e r  of operations would consume an enormoue amount of 
computer time and makes equation 4.3.1 p rac t i ca l l y  useless.  A more 
e f f i c i e n t  method fo r  the computation of the d i s c r e t e  Fourier transform 
of long da ta  sequences is the f a s t  Fourier transform, requir ing only 
2Nlog N complex operations,  ins tead  of N*. For 8192 - 213 da ta  points  
2 
the  FFT requires  approximately 315 times l e s s  computer time than required 
by using the equation 4.3.1. 
There e x i s t  severa l  FFT techniques, varying i n  t h e i r  d e t a i l s .  A 
technique, having the addi t iona l  advantage of not  requir ing the b i t -  
r eve r sa l  of the f i n a l  values ,  w i l l  be presented i n  the following sect ion.  
4.3.2 Derivation of the Eauations 
The highest  e f f ic iency  of the FFT is obtained, when the number, N ,  
of data points to be transformed is eqaal to an integer power of 2. If 
this is not the case, the number of data can either be truncated to the 
nearest lower power of 2 by omitting some of the data or reach the near- 
est higher power of 2 by adding some eero-valued data at the end of the 
sequence. 
P Consider a time sequence of N points, where N is equal to 2 , 
p = 2.3,. .., extending over the tim'e interval [o,T~. Letting W = e -i2n 
- .  
for convenience, the equation 4.3,l can be rewritten as 
The integers k and r can be expressed in the binary number aystem as 
k = h *2p-'+h * 2 ~ ~ + * * * + h  02% *2l+ho*2O , hi - 0.1 (4.3.3) 
P- 1 P- 2 2 1 
and 
r = jp-l*~p-1+jp-2*~~-2+*--+j 2 0 2 ~ + j  1 *21+jo*20 , ji = 0.1, (4.3.4) 
or, acc&dfng to a different notation, as 
k = (hp-1, ..., h h 
1' O 
(4.3.5) 
and 
r - (jp-l,***,jl,jo) (4.3.6) 
Following this notation, equation 4.3.2 can be written as 
or, furthermore, 
Thc first step of the FFT begins with the definition of the quantities 
k and r , as follows 
N 1 s  1 1 
k I k - h *2p-I - h m2p-2 +. .+ h *2 1 + h *zO 
1 P- 1 P-2 0 (4.3.10) 1 
and 
The exponential term in equation 4.3.8 can be expanded as 
r h 
where the term W was omitted since it is equal to one. The new 
quantities A are introduced by the definition 
1 
Finally, at the end of the first step of the FFT, equation 4.3.1 
takes the following form 
r k  
The N values of A can be calculated from the original data directly 
1 
via equation 4.3.13 and reqvlire 2N compiex operations. The N values of 
N Xr can be calculated from equation 4.3.14, requiring N- complex opera- 
2 
tions. Consequently, the total number of operations is in the first 
step reduced from M~ to  )I(: + 2). 
The forttier approach can be further generalized. At the ,lth step 
wllcrc q = 1.2,. . . ,p-1 ,  the quantities N 9 ' kq, rq and Aq are introduced 
as follows 
and 
The genera l  express ion of t h e  d i s c r e t e  Four ier  transform, X r ,  a t  
t h e  rl th s t e p  is  by induc t ion  obta ined i n  t h e  following f o r 3  
When q is equal t o  p-1, equat ion 4.3 .19  is reduced t o  
The above formulat ion impl ies  t h a t  t h e  d l s c r e t e  Four ier  t r a n s €  o m ,  
P X r ,  of t h e  d i s c r e t e  time h i s t o r y  xk, where r , k  = 0,1, . . . ,2 -1 can be  
computed i n  p s t e p s ,  f r m  t h e  consecut ive  c a l c u l a t i o n  of t h e  quanti-  
t i e s  A Each of these  s t e p o  r e q u i r e s  2N complex m u l t i p l i c a t i o n s  and 
q' 
a d d i t i o n s ,  so  t h a t  t h e  t o t a l  number of opera t ions  i s  2pN. Furthermore, 
a t  each s t e p  q, the  q u a n t i t i e s  A can rep lace  t h e  q u a n t i t i r s  A i n  
4 q- 1 
the computer memory, so t h a t  only N memory p o s i t i o n s  a r e  r equ i red .  
':.3.3 A Simple Example 
The following example provides a de t a i l ed  i l l u s t r a t i o n  of t he  
FFT approach, a s  discussed i n  chapter 4.3 .2 .  A d i s c r e t e  time h is tory ,  
consisting of 8 data  points ,  x , where i = 0,1, ..., 7 ,  and extended a t  
i 
the time in t e rva l  [O,T], i s  given. Following the  binary system nota- 
t ion ,  the quant i t i es  xi can be expressed a s  follows 
Xo = x(O,O,O) x = x(l,O,O) 
4 
The d i sc re t e  Fourier transform of t h i s  time h i s to ry  cons is t s  of 8 
values, Xr,  where r = 0,1,.. . ,7 ,  which, according t o  equation 4.3.2, 
w i l l  have the following expressions i n  tenus of t he  o r ig ina l  da ta  values 
n I n  the above expression, use has been made of the  f a c t  t ha t  W , 
where n i s  an integer ,  is equal t o  A. 
The FFT consists of three steps, i .e .  the consecutive calculation 
of A l .  A2, X according to the equation 4.3.18. 
First S t e ~  
Second Step 
Thi rd  S t e p  
r k  
The f i n a l  ~ x p r e s s i o n s  i n  t h e  e q u a t i o n  4.3.28 are i d e n t i c a l  t o  t h e  
expres s ions  i n  e q u a t i o n  4.3.22. Neve r the l e s s ,  t h e  r e q u i r e d  number of 
o p e r a t i o n s  w i t h  t h e  PFT method is  24, w h i l e ,  acco rd ing  t o  e q u a t i o n  4.3.22, 
t h e  number of o p e r a t i o n s  would be  64. The o r d e r  o f  o p e r a t i o n s  and t h e  
e lements  used a t  each s t e p  of t h e  p rev ious  example are i l l u s t r a t e d  13 
f i g u r e  15. 
4.3.4 The FFT Computation 
Although a FFT subroutine was ava i lab le  from the V.P.I. 6 S .U. 
computer l i b r a ry ,  i t  proved most e f f i c i e n t  t o  develop a new program 
based on the formulation of chapter 4.3.2. The flow chart  of t h i s  
program is presented i n  f i gu re  16. 
A considerable saving i n  t he  computer time was obtained by the 
recursive ca lcu la t ion  of the s ines  and cosines,  i n  which the expo- 
n e n t i a l  terns a r e  expanded, ins tead  of reca l l ing  the bu i l t - in  sub- 
routines.  The general exponential  term is expanded as 
while the s ines  and cosines can a l s o  be expanded as  
2nrk = '-0s cos -N 2 d X p  cos k N - Sin&!&+in & N 
and 
28 rk 2*(rk-l) 2n 
s i n  7 = cos - s i n % + s i n  N c o s -  N . (4.3.30) 
According t o  the expressions 4.3.30, a l l  s ines  and cosines 
required can be calculated with simple operations from the i n i t i a l  
2 n h 
values of cos -and s i n  N. Furthermore, s ince  a l l  s i ne s  and cosines N 
a r e  s imp ly  r e l a t ed  t o  the s ines  and cosines i n  the  f i r s t  quadrant, 
the expressions 4.3.30 need t o  be used only f o r  values of rk  equal t o  
4.4 Spectral  Calculations i n  Each Block of Data 
The FFT technique, a s  discussed i n  chapter 4.3, was developed f o r  
complex da ta  sequences. When applied t o  r e a l  time h i s t o r i e s ,  such a s  
the  records of atmospheric measurements, i t  permits t he  simultaneous 
computation of t he  Fourier transforms of two of these r e a l  time his-  
to r ies .  
Given the two r e a l  d i s c r e t e  time h i s t o r i e s ,  xk and yk, where 
k = O , l ,  ..., N-1, a new complex sequence, z , can be generated a s  k 
follows 
Zk = Xk + i ~ k  , k I 0,1,. . . ,N-1 (4.4.1) 
I f  Zr ,  r = 0,1, ..., N-1, is the  d i s c r e t e  Fourier transform of z 
k 
and Z* i ts complex conjugate, i t  has been proved (see f o r  instance 
r 
reference l), t h a t  the  d i s c r e t e  Fourier t r a ~ s i o r m s  of t he  time his-  
t o r i e s  xr and y can be respect ively calculated as 
r 
and 
It has t o  be mentioned t h a t  t he  f i n i t e  Fourier transform of a 
r e a l  time h is tory  has independent values only i n  the f i r s t  half of 
the  frequency domain, namely f o r  frequencies up t o  the  so  ca l led  
The values of t he  Fourier transform i n  the  Nyquist frequency - 2 ~ '  
second half  of the  frequency domain a r e  simply the  complex conjugates 
of respect ive values i n  t h e  f i r s t  h a l f ,  i .e.  
Taking advantage of t he  r e l a t i o n s  4.4.2 and 4.4.3, the d i sc re t e  
Fourier transforms of two of the  quan t i t i e s  T, u, v and w a t  a time 
a r e  simultaneously calculated f o r  each block of 8192 da ta  points.  The 
block-spectral densi ty  function estimates w i l l  be calculated with use 
of the  expressions 4.1.1 and 4.1.4, appropriately modified f o r  d i sc re t e  
time h i s to r i e s .  
Let xn and Y:, r = 0.1,. . . ,; , be the d i s c r e t e  Fourier transf o m s  
r 
of the nth block of the  blocked time h i s t o r i e s  r and yk, k = 0 ,  1 , . . . ,N-1. k 
The block-power spec t r a l  densi ty  funct ion estimate,  G:(£ ,) , is then 
calculated a s  
and the block-cross-spectral densi ty  function estimate,  a s  
N 
where r = 0,1,...,- and n = 1,2,...,M . 2 
The estimates of the  coincidence and quadrature spec t r a l  densi ty  
functions f o r  each block can be independently calculated a s  
2 C& (f  r)  = T[~e(~: )  R~(Y:) - I~(X:) I~(Y:) I (4.4.7) 
and 
2 n 
-Q:~(£~)  = ?[R~(x") r I~(Y:) + I~(x:) Re(Yr) 1 (4.4.8) 
A l l  block-spectral estimates need fu r the r  t o  be mul t ip l ied  by 
the  sca l e  fac tor  110.875, due t o  the cosine taper data  window. 
4.5 Smoothing of the Spec t ra l  Estimates 
n n 
The block-spectral es t imates ,  Gx and Gw, as calculated i n  chapter 
4.4, follow chi-square d i s t r i bu t ions  of 2 degrees of freedom with 
mean values the respective s p e c t r a l  density functions, Gx o r  G , and 
XY 
standard deviations equal t o  the respect ive mean values (see reference 
1).  Thie implies t ha t  the average systematic e r r o r  of the estimate 
w i l l  be equal t o  loo%, which i s  qu i t e  unacceptable. Consistent esti- 
mates of the s p e c t r a l  densi ty  function can be obtained by smoothing 
the block estimates.  A combined smoothing technique, of f i r s t  smooth- 
ing  over the ensemble of e?timates (or  segment averaging) and the 
smoothing over appropriate frequency in t e rva l s  w i l l  be used t o  pro- 
duce appreciably accurate s p e c t r a l  estimates.  The combined smooth- 
ing  is performed f o r  the power s p e c t r a l  estimates and f o r  the co- and 
quad-spectral estimates , which a r e  of main i n t e r e s t  . 
Let G represent any of the quan t i t i e s  Gxs Cv and QV.  The en- 
semble smoothing consis ts  i.n averaging a l l  block s p e c t r a l  es t imates ,  
- 
G", s o  t ha t  the respect ive sample s p e c t r a l  es t imates ,  G ,  a r e  obtained, 
. e .  
The frequency smoothing consis ts  i n  averaging a l l  sample spec t r a l  
estimates over a frequency i n t e r v a l  [ f  r+l,fr+l ] and assign the average 
values t o  the center frequency f Therefore, each value of the 
r e '  
smoothed spec t r a l  estimetes,  G ,  stands f o r  II values of the raw spec- 
- 
t r a l  estimates,  G ,  and is generated according t o  the expression 
The nonuniform d i s t r i b u t i o n  of energy i n  t he  spec t r a  requires  
t ha t  the frequency in t e rva l s  f o r  frequency smoothing a r e  longer a t  
the high frequency regions,  where less parer is present.  The pro- 
posed frequency smoothing provides 46 values of the smoothed spec- 
t r a l  es t imates  out of 4096 values of the raw s p e c t r a l  estimates.  The 
ca lcu la t ion  of these values and t h e i r  d i s t r i b u t i o n  i n  the spectrum 
a re  obtained from the following expressions 
,. 
As discussed be£ ore ,  the est imates  of the  smoothed power, Gx, 
coincidence, C x ~  
^ 
, and quadrature,  GXy, s p e c t r a l  densi ty  functions are  
d i r e c t l y  calculated with the use of the  expressions 4 . 5 . 1 , .  ..,4.5.7. 
'The smoothed es  timatea of the remaining spec t r a l  quan t i t i e s ,  as defined 
i n  chap te t  4.1, have s t i l l  t o  be computed. The magnitude, Idxy(£) 1, 
* 
and t h e  phase angle ,  0 ( f ) ,  of t h e  emoothed c ross - spec t ra l  d e n s i t y  
XY 
es t imate  a r e  respec t ive ly  ca lcu la ted  a s  
* 2  ( f )  1% x y f  1 - iq,,(f) + a, 
and 
* GXY(f) 
eXy(f) - a r c t a n  -
Ex, (£1 
whi le  t h e  smoothed es t imate ,  f , of t h e  coherency func t ion  i s  
ca lcu la ted  as 
4.6 P l o t t i n g  of t h e  Spectra  
I n  t h i s  r e p o r t ,  t h e  product of t h e  s p e c t r a l  d e n s i t y  func t ion  a t  
a c e r t a i n  frequency and t h e  corresponding frequency i t s e l f  is p l o t t e d  
versus  t h e  n a t u r a l  logari thm of t h e  frequency. Th is  type of presenta- 
t i o n  of t h e  s p e c t r a  provides a more d e t a i l e d  p i c t u r e  of t h e  s p e c t r a l  
func t ions  i n  t h e  higher  frequency region where much l e s s  power is  
? resen t  wi th  coaparison t o  t h e  low frequency region.  I n  a d d i t i o n ,  t h i s  
way of s p e c t r a l  p l o t t i n g  provides f o r  a method of f a s t  checking of t h e  
s p e c t r a l  es t imates .  
The var iances  and covariances of a p a i r  of mean-free time h i s t o r i e s  
a r e  r e l a t e d  t o  the  power and coincidence s p e c t r a l  dens i ty  func t ions  
respec t ive ly  ( see  re fe rence  1) by the  r e l a t i o n s  
and 
By simply transforming the  integrand quant i t ies ,  one may rewr i te  
the above r e l a t ions  a s  
and 
w 
- 
xy = / f *CXy ( f )  d(1nf) (4.6.4) 
0 
Therefore, the  accuracy of t he  spec t r a l  eetimotes can be checkel; by 
comparing the  respect ive values of the  variances and covariances, au 
calculated with procedures described i n  chapter 111, t o  the  a reas  under 
the  curves obtained by p lo t t i ng  the  product of t he  frequency and the 
power o r  coincidence spec t r a l  densi ty  function values a t  t h i s  frequency 
versus the  na tura l  logarithm of t h i s  frequency. 
CHAPTER V 
DISCUSSION OF TI!E RESULTS 
The o b j e c t i v e  of t h i s  t h e s i s  is t o  provide a n  e f f i c i e n t  method 
f o r  t h e  measurement and t h e  a n a l y s i s  of atmospheric turbulence  d a t a  
and s p e c i f i c a l l y  t o  exp la in  t h e  procedures used f o r  t h e    tat is tical 
and s p e c t r a l  a n a l y s i s  of t h e  data .  Therefore ,  t h e  d i scuss ion  is  based 
on one complete s e t  of r e s u l t s  obtained from t h e  a n a l y s i s  of the  d a t a  
recorded a t  one s p e c i f i c  run with one of t h e  anemometer svstems, From 
the  s e v e r a l  r ecords  of d a t a  which were a v a i l a b l e  a t  t h e  time when t h i s  
t h e s i s  was w r i t t e n  t h e  d a t a  of run number 1 were se lec ted .  These d a t a  
were obtained on August 20, 1973, with  t h e  TSI /I1193 anemometer a t  t h e  
10G-foot l e v e l  of t h e  250-foot meteorological  tower loca ted  a t  NASA 
Wallops I s l and  F l i g h t  Center. C a l i b r a t i o n  s p e c i f i c a t i o n s  f o r  the  TSI  
81193 anemometer a r e  provided i n  f i g u r e s  7 ,  8,  9 ,  10 and 11 and i n  
t a b l e  I. For t h e  mean v e l o c i t y  and mean probe-yaw angle  of run 1, 
st~own i n  t a b l e  IV, i t  can be seen from t h e  f i g u r e s  11 and 10 respec- 
t i v e l y  t h a t  the  expected e r r o r  i n  t h e  c a l c u l a t i o n  of t h e  nagnitude 
of the  v e l o c i t y  i s  of t h e  order  of 1 percent  whi le  t h e  expected e r r o r  
i n  t h ~  c a l c u l a t i o n  of the  v e l o c i t y  components does not  exceed 4 percept .  
The data-record c o n s i s t s  of 4 7 5 , 1 3 6  d a t a  po in t s ,  recorded a t  a 
time increment of 0,005 seconds over a  t o t a l  time i n t e r v a l  of apgraxi-  
mately 39 minutes and 35 seconds. As discussed i n  s e c t i o n  3.3, i t  is  
divided i n t o  58 blocks c o n s i s t i n e  of 8192 d a t a  p o i n t s  each, extendinc, 
over a time i n t e r v a l  of approximately 41 eecond3. The block-mean va lues  
f o r  t h e  v e l o c i t y  components i n  t h e  sensor o r ien ted  coordinate system, 
t h e i r  standard dev ia t ions ,  t h e  v e l o c i t y  magnitude and the  probe-yaw 
angle a r e  shown i n  t a b l e  11. By inspec t ing  t h e  v a r i a t i o n  of these  quan- 
t i t i e s  over t h e  t o t a l  number of blocks,  one may observe a random r a t h e r  
than systematic varying d i s t r i b u t i o n .  Only f o r  t h e  l a s t  four blocks 
t h e  mean wind seems t o  change s l i g h t l y  i n  magnitude a s  we l l  a s  d i r e c t i o n  
but without any considerable  change i n  its frequency composition, The 
t o t a l  number of reverse  arrangements f o r  t h e  block-means of t h e  above 
q u a n t i t i e s  i s  a l s o  shcwn i n  t a b l e  11. One can sea t h a t  a l l  t h e  calcu- 
l a t e d  va lues  f o r  t h e  number of reverse  arrangements l i e  wi th in  t h e  limits 
of assumed s t a t i o n a r i t y  a s  discussed i n  s e c t i o n  3 .4 .  Therefore,  i t  
was decided t o  coneider t h e  da ta  of run 1 a s  being s t a t i o n a r y  and, hence, 
t o  proceed wi th  t h e  s t a t i s t i c a l  and s p e c t r a l  ana lys i s .  
The block-means of t h e  temperature and t h e  v e l o c i t y  componen:s iri 
t h e  mean-wind o r ien ted  coordinate  system a r e  shown i n  t a b l e  111. I t  can 
be seen from t h i s  t a b l e  t h a t  t h e  v e r t i c a l  and l a t e r a l  components take  
values  much smal ler  than t h e  va lues  of t h e  l o n g i t u d i n a l  component, which 
confirms t h a t  t h e  mean wind i s  near ly  h o r i z o n t a l ,  and near ly  p a r a l l e l  t o  
the  a x i s  of the  probe. The sample-mean va lues  of t h e  temperature, the  
v e l s c i t y  components i n  t h e  mean wind d i r e c t i o n ,  t h e  magnitude and phase 
angle of t h e  v e l o c i t y  vector  and a l l  var iances  and covariances,  obtained 
by averaging t h e  r e s p e c t i v e  block-mean va lues ,  a r e  shown i n  t a b l e  I V .  
A s  shown i n  t h i s  t a b l e ,  t h e  ca lcu la ted  value  of t h e  sample probe-yaw 
angle  is  very small  (approximately 1 .34  degrees) ,  which is  a good indi-  
c a t i o n  f o r  t h e  accuracy of t h e  measurements. This  mean wind i s  coming 
from a south-eastern d i r e c t i o n ,  namely d i - e c t l y  f rpm t h e  A t l a n t i c  Ocean 
witt-out  any cons ide rab le  upstream o b s t a c l e  d i s t o r t i o n .  
It has  t o  be emphasized a t  t h i s  po in t  t h a t  t h e  va lues  of t h e  v a r i -  
ances and covar iances  depend on t h e  l eng th  of t h e  block-time i n t e r v a l  
considered,  due t o  t h e  change i n  t h e  block-mean va lues  which a r e  sub- 
t r a c t e d  from t h e  ins tantaneous  values .  A s  d iscussed i n  s e c t i o n  4.6, 
the  va r i ances  and covar iances  r e p r e s e n t  t h e  a r e a  under a u p e c t r a l  curve. 
This  a r e a  obviously depends on t h e  frequency i n t e r v a l  considered.  For 
ins tance ,  i t  has  been genera l ly  accepted t h a t  t h e  c o m p l c t ~  power spectrum 
of t h e  l o n g i t u d i n a l  wind component has  a form s i m i l a r  t o  t h e  one shown 
i n  f i g u r e  17, a s  c a l c u l a t e d  by Van d e r  Hoven from measurements a t  Rrook- 
haven. This  spectrum extends over a wide range of f requc.:l:.ies and pre- 
s e n t s  two major peaks. The peak a t  t h e  low-frequency region ( s t  a period 
of approximately 100 hours)  corresponds t o  p e r i o d i c  passage of cold or  
warm f r o n t s ,  whi le  t h e  peak a t  t h e  high-frequency region ( a t  a period of 
the  o rde r  of 1 minute) corresponds t o  t h e  t u r b u l e n t  f l u c t u a t i o n s  of the  
wind. It is the  l a t t e r  p a r t  of t h e  v e l o c i t y  spectrum, o f t e n  c a l l e d  t h e  
"gust. ve loc i ty"  spectrum, which is  of i n c e r e s t  i n  t h e  s tudy of turbulence .  
The region of t h e  spectrum betxeen t h e  two peaks, c a l l e d  t h e  "mesometeor- 
o!ogical gap" con ta ins  very  l i t t l e  power, due t o  t h e  f a c t  t h a t  no normal 
phys ica l  process can produce v e l o c i t y  f l u c t u a t i o n s  wi th  f requencies  
l y i n g  i n  t h i s  range. 
Therefore ,  the  va lues  of va r i ances  and covar iances  a r e  c o n s i s t e n t  
and comparable t o  each o t h e r ,  only when they are c:slculated from data-  
blocks extending over time i n t e r v a l s  l a r g e  enough t o  detetmiile the  
spectrum down t o  f requencies  near t h e  mesometeorological gap, usua l ly  
of the  order  of one cyc le  p e r  hour. Z h i ~ ,  of course,  would requ i re  
data-samples extending over i n t e r v a l s  of the order  of s e v e r a l  hours.  
For a given f ixed data-sample, the  block-time length can be increased 
by d iv id ing  the  sample i n t o  a smal le r  number of blocks.  This method 
has  the  disadvantage t h a t  i t  provideg l e s b  accura te  values  f o r  the 
sample-variances and covariances,  s i n c e  they a r e  ca lcu la ted  as the  
average of a smal ler  number of block-values. 
The block-time length  e f f e c t  can be  w e l l  i l l u s t r a t e d  wi th  the  
use of the  turbulence i n t e n s i t i e s ,  def ined as t h e  r a t i o s  of the  s t an-  
dard  dev ia t ions  of the  v e l o c i t y  components i n  the  mean wind o r ien ted  
coordinate system and the  v e l o c i t y  magnitude. Tho, turbulence in ten-  
s i t i e s  ca lcu la ted  from the  d a t a  of run 1 f o r  the  block timc lengths  
of approximately 41, 328 and 1188 seconds a r e  shawn i n  t a b l e  V. It 
can be seen from t h i s  tab?? t h a t  the  va lues  of t1.e turbulence in ten-  
s i t i e s  inc rease  considerably a s  the  block-time length is  increased,  
e s p e c i a l l y  i n  the case  of the  l a t e r a l  ve loc i ty  component. 
The block-time length  is a l s o  of g r e a t  importance f o r  the  power 
imd cross-spectra ,  s i n c e  i t  determines the  lower frequency f o r  which a 
s p e c t r a l  densi ty  fut , d o n  can be  es t imated from a given sample of d a t a .  
Consider a sample of d a t a  cons i s t ing  of M blocks of N d a t a  po in t s  each, 
sampled a t  a time increment A t .  Then the  block-time length i s  equal  t o  
N * A t ,  while the  t o t a l  sample-time length w i l l  be equa l  t o  M g N e ~ t .  The 
suooth s p e c t r a l  e s t imates ,  as discussed i n  chspter  IV, can be obtair,ed 
-I 1 , , ,  . ,.- 
a . . . . . . . . . . . .  A,.., . . . . . .  
. - - - .  .A . 1 .. 1 
I , --.. 1 ....... 1 . . . . . . .  - 
f o r  the  frequency range between the  lowee t frequency (o r  fundamental 
frequency) , 11N.A t and t h e  Nyquist frequency (o r  fo ld ing  frequency) , 
1 / 2 * ~ t .  Since the  number of d a t a  per  block,  N ,  is he ld  f i x e d  equal  
t o  8192 due t o  the  FFT needs, t h e  only way of es t imat ing  t h e  s p e c t r a  
i n  lower frequency regions is t o  inc rease  the  time increment, ~ t ,  i . e .  
t o  consider s e l e c t i v e l y  on1-y one p a r t  of the  d a t a  p o i n t s ,  separated from 
each o ther  wi th  a longer time increment, ~ t .  A s  a r e s u l t  of t h e  f ixed  
sample-time length ,  the  number of b locks ,  X, has  t o  be  adequately de- 
creased,  with the  consequence of decreas ing the  e f f e c t i v e n e s s  of the  
ensemble smoothing. 
The smooth s p e c t r a l  e s t imates  i n  the  frequency range f tom approxi- 
mately 0.0244 h e r t z  up t o  100 h e r t z ,  a r e  ca lcu la ted  by consider ing a l l  
d a t a  po in t s ,  namely taking A t  = 0.005 seconds and M = 58. S p e c t r a l  
es t imates  f o r  lower f requencies  down t o  0.0030 h e r t z  a r e  obtained by 
considering one data-point ou t  of e i g h t ,  i . e .  by taking ~t = 0.040 
ceconds and, a s  a consequence, M = 7. An attempt of es t imat ing  spec- 
t r a l  values f o r  frequencies zs low as 0.00084 h e r t z  by taking A t  = 0.145 
seconds and M = 2 ( i . e .  consider ing only one every 29 d a t a  po in t s )  w a s  
abzndoned , as producing unacceptably high d i s t o r t e d  s p e c t r a l  e s t imates  
a s  a r e s u l t  of the  poor ensemble smoothing. 
The power s p e c t r a  of the  l o n g i t u d i n a l ,  the  l a t e r a l  and the  v e r t i -  
c a l  ve loc i ty  components acd the  temperature a r e  shown i n  f i g u r e s  18, 
19, 20 and 21 respec t ive ly .  It  can be seen i n  these  f i g u r e s  t h a t  the  
power s p e c t r a l  es t imates  show a considerably smal l  a o u n t  of s c a t t e r ,  
expec ia l ly  f o r  f requencies  higher  than approximately 0.1 h e r t z .  A t  the 
lower frequency region,  t h e r e  e x i s t s  h igher  s c a t t e r  of t h e  s p e c t r a l  
values ,  due p r imar i ly  t o  t h e  absence o r  i n e f f i c i e n c y  of t h e  frequency 
smoothing, as discussed i n  s e c t i o n  4.5. It can a l s o  be seen t h a t  spec- 
t r a l  va lues  est imated from d a t a  sampled a t  time increments equal  t o  
0.005 and 0.040 seconds a r e  i n  genera l  c o n s i s t e n t ,  whi le  inc reas ing  t h e  
time increment t o  0.145 seconds provides h igh ly  d i s t o r t e d  values .  The 
form of t h e  curves t h a t  can be f i t t e d  t o  t h e  ca lcu la ted  s p e c t r a l  values  
f o r  t h e  v e l o c i t y  components is i n  genera l  monotonously decreas ing,  which 
confirms t h a t  t h e  es t imated  s p e c t r a  l i e  i n  t h e  g u s t  v e l o c i t y  region.  The 
s p e c t r a l  curves approach zero a t  some frequency h igher  than 100 h e r t z .  
Some high power s p e c t r a l  va lues ,  no t  shown i n  t h e  above f i g u r e s ,  were 
ca lcu la ted  f o r  f requencies  c lose  t o  100 h e r t z  b u t  were discarded a s  
r e s u l t f  ng from r e s o l u t i o n  e r r o r s .  It has  t o  be r e c a l l e d  a t  t h i s  p o i n t  
t h a t  a l l  frequencies h igher  than 100 h e r t z  were removed from t h e  o r i g i n a l  
d a t a  wi th  t h e  use of sharp low-pass e l e c t r o n i c  f i l t e r s .  
The es t imated values  of t h e  magnitude of t h e  c ross - spec t ra l  dens i ty  
funct ion,  the  co-spectra l  dens i ty  func t ion  and the  coherence f unctior, 
between t h e  l o n g i t u d i n a l  and t h e  v e r t i c a l  v e l o c i t y  components a r e  shown 
i n  f i g u r e =  22,  23 and 24 respec t ive ly .  These es t imates  are i n  general  
less smooth than t h e  power s p e c t r a l  e s t i m a t e s ,  due t o  the  h igher  e r t  .r 
involved i n  the  c a l c u l a t i o n s  between two time h i s t o r i e s .  Of s p e c i f i c  
i n t e r e s t  i s  £!.pure 24 ,  s i n c e  i t  i n d i c a t e s  t h a t  the  l o n g i t u d i n a l  and the  
v e r t i c a l  v e l o c i t y  component f l u c t u a t i o n s  a r e  completely incoherent  f o r  
a l l  f requencies  b e l w  a cut-off frequency of approximately 5 h e r t z .  
Nevertheless,  these  f l u c t u a t i o n s  a r e  c o n s i d e r a b b  coherent f o r  h igher  
frequencies, with an average value of the coherence function approxi- 
mately equal to 0 .6 .  
The checking of the accuracy of the spectral estimates, as sug- 
gested i n  section 4.6 ,  was performed for a l l  the above cases with 
satisfactory results.  
CHAPTER V I  
CONCLUSION AND RECOMMENDATIONS 
Concludi~lg Lila discussion thai i ~ a s  been made i n  the previous chap- 
t e r s  of t h i s  t h e s i s ,  one could summarize what was achieved as follows. 
Highly accura te  measurements a r e  necessary f o r  t h e  d e t a i l e d  des- 
c r i p t i o n  of t h e  wind flow i n  t h e  atmospheric boundary l ayer .  The d a t a  
obtained from these  measurements have a l s o  t o  be i n  an appropr ia te  form 
i n  order t o  provide accura te  estimates of t h e  requ i red  s t a t i s t i c a l  and 
s p e c t r a l  q u a n t i t i e s .  To meet these  requirements,  a complete instrumen- 
t a t i o n  system was designed and a new data-analys is  method w a s  developed. 
The TSI 1080 three-dimensional s p l i t - r i l m  anemometer system was 
s e l e c t e d  f o r  the  measurement of t h e  ins tantaneous  values  of t h e  wind- 
v e l o c i t y  vector  and the  temperature. It provides seven output  vo l t ages  
from which t h e  v e l o c i t y  components i n  the  sensor-oriented coordinate  
system and t h e  temperature can be ca lcu la ted .  The genera l  c a l i b r a t i o n  
procedure, which w a s  suggested by TSI, was proved t o  be complicated 
and inaccura te  and, the re fore ,  a new co. .-e c a l i b r a t i o n  procedure had 
t o  be developed. This c a l i b r a t i o n  was based on t h e  recognized f a c t  t h a t  
the  anemometer g ives  t h e  most accura te  r e s u l t s  when t h e  probe operates  
with i t s  a x i s  p a r a l l e l  t o  the  d i r e c t i o n  of t h e  mean-ind v e c t o r  and 
the  sensors  d i r e c t e d  i n t o  the  wind. 
A l l  measurements t h a t  were necessary f o r  the  c a l i b r a t i o n  were per- 
formed a t  t h e  Qual i ty  V e r i f i c a t i o n  and C a l i b r a t i o n  F a c i l i t y  a t  NASA 
Wallops F l i g h t  Center. The e n t i r e  procedure was s t reamlined i n t o  a 
s t andard  form, allowing a quick and e f f i c i e n t  c a l i b r a t i o n  of t h e  l a r g e  
number of anemometers used i n  t h i s  research program. Based on t h i s  
c a l i b r a t i o n ,  a computer program was developed, which conver ts  the  out- 
pu t  v o l t a g e s  of t h e  anemometers i n t o  t h e  a c t u a l  v e l o c i t y  components 
and t h e  temperature. The accuracy of t h e  obta ined q u a n t i t i e s  was 
checked and found s a t i s f a c t o r y .  
S i x  probes were mounted a t  the  e l e v a t i o n s  of 30, 50, 100, 150, 
200 and 250 f e e t  on the  250-foot meteorological  t w e r  loca ted  a t  Wallops 
I s l a n d  on t h e  A t l a n t i c  coas i .  A l l  probes could be  r o t a t e d  s o  t h a t  t h e i r  
a x i s  could be placed c l o s e l y  p a r a l l e l  t o  t h e  mean wind d i r e c t i o n .  A 
new complete da ta -acqu is i t ion  system was designed and f i x e d  i n  an i n s t r u -  
mentation t r a i l e r ,  which enabled easy t ranspor tac ion  and p r o t e c t i o n  of 
the  system. A t  each run of the  system, t h e  output  vo l t ages  froin a l l  
s i x  anemometers were simultaneously recorded on analog magnetic tapes.  
L a t e r ,  each analog t ape  was played back and the  analog s i g n a l s  from each 
anemometer were d i g i t i z e d ,  sampled a t  a r a t e  of one data-point  every 
0.005 seconds and recorded on a d i g i t a l  magnetic tape.  Due t o  i ts  
complexity, t h e  da ta -acqu is i t ion  system r e q u i r e s  e l a b o r a t e  c a l i b r a t i o n  
checks t o  i n s u r e  i ts  proper operat ion.  The time dura t ion  O F  each data- 
sample is  approximately 40 minutes,  a s  imposed by the  maximum capaci ty  
of the  analog tapes .  I t  has  been attempted t o  i n c r e a s e  t h e  sample time 
by us ing  a lower speed of t h e  analog tape-recorder,  b u t  t h i s  r esu l t ed  
i n  unacceptably high noise- levels  i n  t h e  recorded s i g n a l s .  
Each of the  above d i g i t a l  magnetic tapes  conta ins  a record of t h e  
seven output  vo l t ages  of one TSI anemometer a t  one run of the  system. 
With t h e  use of t h e  program "CONVERSION", as shown i n  the  appendix, 
a new magnetic t ape  was genera ted,  con ta in ing  a record of the  t h r e e  
v e l o c i t y  components i n  t h e  sensor  o r i e n t e d  coordinate  systetn and the  
temparature. Each t i m e  h i s t g r y  c o n s i s t s  of approximately 480,000 d a t a  
p o i n t s ,  scparaLed from each o t h e r  wi th  a time i n t e r v a l  of 0.005 seconds. 
Cons i s t en t  e s t ima tes  of t h e  s t a t i ~ t i c a l  and s p e c t r a l  q u a n t i t i e s  
could b e  obta ined only i f  c e r t a i n  averaging procedures would be  appl ied  
t o  the  d a t a .  Therefore ,  each time h i s t o r y  was divided i n t o  a number 
of data-blocks,  s o  t h a t  a l l  d e s i r e d  q u a n t i t i e s  would b e  c a l c u l a t e d  as 
averages of  the  r e s p e c t i v e  block-values. The number of data-points  i n  
each block was f ixed  and e q u a l  t o  8192, as imposed by che f a s t  Four ier  
transform needs and the  capac i ty  of t h e  a v a i l a b l e  computer. The entir t :  
a n a l y s i s  was based on t h e  assumption t h a t  t h e  measured time h i s t o r i e s  
were s t a t i o n a r y ,  which impl ies  t h a t  a l l  s t a t i s t i c a l  q u a n t i t i e s  do not  
vary  s i g n i f i c a n t l y  over the  t o t a l  sample time i n t e r v a l .  This assump- 
t i o n  was checked with the  use of t h e  program "STATIONARITY". This  
program provides the  block-mean va lues  and the  block-standard dev ia t ions  
of  the  v e l o c i t y  components and the  t enpera tu re  a s  w e l l  a s  the  r e s u l t s  
of a s t a t i s t i c a l  t e s t  which d e t e c t s  monotonic t r ends  of t h e  above quan- 
t i t i e s .  Each data-record was fu r t l l e r  processed,  only i f  t h e  r e s u l t s  of 
the  i n s p e c t i ~ a  of the  s t a t i s t i c a l  block-values and t h e  trend t e s t  would 
ensure  s t s t i o n a r i  ry w i t h i n  reasonable l i m i t s  of confidence.  
Tlie ve1.ocity components i n  the  sensor-or iented coordinate  system 
do no t  possess any phys ica l  meaning. 'Therefore, a coord ina te  t r a n s f o r -  
mation i n t o  a coordinate  system connected wi th  the  mean wind d i r e c t i o n  
was necessary.  This t ransformat ion provided t h e  long i tud ina l ,  l a t e r a l  
and v e r t i c a l  v e l o c i t y  components, which could give  a good d e s c r i p t i o n  
of the  p r o p e r t i e s  of the  wind v e l o c i t i e s .  The new v e l o c i t y  components 
were ca lcu la ted  and toge ther  wi th  the  temperature recorded on a new 
d i g i t a l  magnetic tape  with the  use  of t h e  computer program "MEAN-WIND". 
This program a l s o  provides the  va r iances  and covariances of t h e  above 
four time h i s t o r i e s  a s  w e l l  as t h e  turbulence i n t e n s i t i e s .  A s  a l ready 
mentioned, each time h i s t o r y  has been divided i n t o  a number cf blocks 
and a l l  sample-quanti t ies were ca lcu la ted  as t h e  averages of t h e  block- 
values.  
One of the  main o b j e c t i v e s  of t h i s  t h e s i s  was t o  provide a method 
f o r  t h e  c a l c u l a t i o n  of reasonably accura te  measurements of the  power 
arid cross-spec t r a l  dens i ty  func t ions  of a l l  t h r e e  v e l o c i t y  components 
and the  temper?ture, expec ia l ly  i n  t h e  high frequency range between 
0 .1  and 100 h e r t z .  Such a high frequency range is necessary f o r  t h e  
undcrs tanding of the  tu rbu len t  s t r e s s e s ,  tu rbu len t  t r a n s p o r t  phenomena 
and tu rbu len t  d i s s i p a t i o n .  S p e c t r a l  e s t imates  f o r  lower f requencies  
down t o  0.003 h e r t z  were a l s o  c a l c u l a t e d ,  b u t  wi th  lower accuracy due 
t o  the  l imi ted  time length  of each data-sample. 
I t  was recognized t h a t  the  f i n i t e  record-length of the  d a t a  used, 
would produce a c e r t a i n  amount of d i s t o r t i o n  i n  the s p e c t r a l  e s t imates .  
Therefore ,  the  cosine t aper  d a t a  window was used t o  reduce t h i s  e f f e c t .  
The power, cross-,  co- and quad-spectral  dens i ty  func t ion  es t imates  and 
the  coherence func t ion  es r imate  were ca lcu la ted  with the  d i r e c t  Four ier  
t r a n s f  om method. A new f a s t  Four ie r  t r a n s f  o m  technique was developed 
and used t o  enable  f a s t  and e f f e c t i v e  computations. Thjs  FFT technique 
possesses the  add id iona l  advantage of no t  r e q u i r i n g  any b i t - r e v e r s a l  
opera t ion.  A r e c u r s i v e  computation of the  necessary  s i n e s  and cos ines  
was a l s o  used t o  f u r t h e r  reduce the  ccmputation time. 
F i r s t ,  a s e t  of raw s p e c t r a l  e s t ima tes  were o b t d n e d  f o r  each 
block of 8192 data-points .  Each block-spect ra l  e s t ima te  c o n s i s t s  of 
4096 d i s c r e t e  values.  Then a l l  b lock-spect ra l  va lues  corresponding 
t o  each frequency were averaged t o  produce the  sample-spectral  e s t i m a t e s ,  
c o n s i s t i n g  a l s o  of  4096 d i s c r e t e  values .  F i n a l l y ,  the  sample-spectral  
va lues  were averaged over  a p p r o p r i a t e  frequency i n t e r v a l s  t o  produce 
t h e  ~rnooth s p e c t r a l  func t ion  e s t i m a t e s  , c o n s i s t i n g  of 46 s p e c t r a l  va lues  
each. The frequency i n t e r v a l s  were arranged i n  such a way, t h a t  the  
consequent smooth s p e c t r a l  va lues  would b e  separa ted  by an.approxlmately 
constant  d i s t a n c e  , when p l o t t e d  ve r sus  a logar i thmic  frequency s c a l e .  
I t  was a l s o  decided t o  r e p r e s e n t  the  s p e c t r a l  e s t i m a t e s  by p l o t t i n g  the  
smooth s p e c t r s l  d e n s i t y  f u n c t i o n s  m u l t i p l i e d  by t h e  r e s p e c t i v e  frequency 
ve r sus  the  n a t u r a l  logar i thm of t h e  frequency. This way, a c l e a r  repre-  
s e n t a t i o n  of t h e  s p e c t r a  i n  t h e  h igh frequency region was obta ined,  
al though very  smal l  power is  p r e s e n t  i n  t h i s  region.  A f a s t  way of 
checking the  accuracy of t h e  s p e c t r a l  curves was p o s s i b l e  by comparing 
t h e  a reas  under these  curves  t o  the  r e s p e c t i v e  values  of var iances  and 
covariances.  The smooth s p e c t r a l  e s t ima tes  a r e  i n  g e n e r a l  much more 
r e l i a b l e  than the  raw s p e c t r a l  e s t ima tes ,  s i n c e  they a r e  almost  f r e e  of 
s c a t t e r  which may occur i n  a s p e c i f i c  sample b u t  i s  n o t  due t o  an 
e x i s t i n g  phys ica l  process.  The smooth estimates obta ined according t o  
t h e  methods d i scussed ,  a r e  considered t o  be  r e l i a b l e  f o r  use  i n  most 
app l ica t ions .  A l l  computations t h a t  were necessary i n  o rder  t o  ob ta in  
t h e  smooth s p e c t r a l  e s t imates  of the  t h r e e  v e l o c i t y  components and the  
temperature, were performed with  t h e  use  of t h e  program "SPECTRA", a l s o  
shown i n  t h e  appendix. This program can be  used i n  any s u f f i c i e n t l y  
l a r g e  modern d i g i t a l  computer. 
The d i scuss ion  i n  t h i s  t h e s i s  was confined on one s i n g l e  record 
of d a t a ,  obtained wi th  one anemometer system a t  t h e  100-foot l e v e l  of 
the  meteorological  tower. The main concern w a s  t o  develop and check 
t h e  proposed method f o r  t h e  measurement and t h e  s t a t i s ' i c a l  a n a l y s i s  
of atmospheric turbulence.  A s  soon as s e v e r a l  complete s e t s  of measure- 
ments from a l l  s i x  anemometers a t  t h e  d i f f e r e n t  e l e v a t i o n s  of the  
meteorological  tower a r e  a v a i l a b l e ,  t h i s  method can b e  used t o  provide 
s u f f i c i e n t  m a t e r i a l  f o r  a documented d i scuss ion  on s e v e r a l  important 
a s p e c t s  of t h e  turbulence i n  t h e  atmospheric boundary l ayer .  
A t  t h e  time t h i s  t h e s i s  was w r i t t e n ,  a number of modif icat ions  and 
extensions  of t h e  above method were conceived bu t  were n o t  executed due 
t o  the  l ack  of time and the  l i m i t a t i o n s  of t h e  computing f a c i l i t i e s  a t  
NASA Wallops F l i g h t  Center. Nevertheless,  these  modif icat ions  and 
extensions  a r e  presented here  s o  t h a t  they can be  used i n  the  continu- 
a t i o n  of t h i s  r esea rch  p r o j e c t .  
1. Inc rease  of t h e  number of d a t a  per  block.  A f i n a l  m o d i f i c a t i o i ~  
of t h e  computer program used f o r  s p e c t r a l  c a l c u l a t i o n s  enabled the reduc- 
t i o n  of t h e  amount of computer memory requ i red ,  s o  t h a t  a number of 
16,384 d a t a  p o i n t s  could be  simultaneouely handled wi th  the  IBM 370 
computer. Therefore ,  t h e  number of d a t a  per  b lock can be inc reased  from 
8,192 213 t o  16,384 = 214. This  modi f i ca t ion  w i l l  i n c r e a s e  the  f r e -  
quency i n t e r v a l  f o r  which s p e c t r a l  e s t i m a t e s  can be  obtained t o  the  
frequency range Letween approximately 0.0122 and 100 h e r t z  and is a l s o  
expected t o  improve the  accuracy of a l l  s p e c t r a l  e s t ima tes .  
Ca lcu la t ion  of the  auto- and c ross -cor re la t ion  func t ions .  A s  
- 
discussed i n  s e c t i o n  4.1, the  au to -cor re la t ion  f a n c t i o n  and t h e  c ross -  
c o r r e l a t i o n  func t ion  form Four ier  transform p a i r s  wi th  the  power and t h e  
c ross - spec t ra l  d e n s i t y  func t ions  r e s p e c t i v e l y .  Therefore ,  t h e  c o r r e l a -  
t i o n  f u n c t i o n s ,  RX(~) and & y ( ~ ) ,  can be c a l c u l a t e d  a s  the  inverse  
Four ier  cransf orms of the  s p e c t r a l  d e n s i t y  func t ion  es t ima tes  , Gx(f) 
A 
and GXy(f) , r e s p e c t i v e l y .  
When auto- and c ross -cor re la t ion  func t ions  a r e  c a l c u l a t e d  from 
s p e c t r a l  e s t i m a t e s ,  obta ined from f i n i t e  d i s c r e t e  time h i s t o r i e s ,  ce r -  
t a i n  cons ide ra t ions  have t o  be  made i n  o rde r  t o  avoid erroneous r e s u l t s .  
D e t a i l s  on t h e s e  cons ide ra t ions  and computational  r ec ipes  can be  found 
i n  the  ~ e f e r e n c e s  1 and 16. 
3. Ca lcu la t ion  of the  i n t e g r a l  s c a l e s  of turbulence .  The i n t e g r a l  
s c a l e  l eng ths  of turbulence  c h a r a c t e r i z e  the  maximum d i s t a n c e  of two 
po in t s  whose v e l o c i t y  f l u c t u a t i o n s  a r e  c o r r e l a t e d .  Once the  auto-cor- 
r e l a t i o n  func t ions  a r e  c a l c u l a t e d ,  as discussed i n  the  previous s e c t i o n ,  
simple i n t e g r a t i o n s  can provide the  Eu le r i an  i n t e g r a l  time s c a l e s  of 
turbulence  i n  t h e  mean wind d i r e c t i o n .  Then, by assuming the  v a l i d i t y  
of Tay lo r ' s  hypo thes i s ,  the  i n t e g r a l  s c a l e  l eng ths  of turbulence  i n  
the  mean wind d i r e c t i o n  can a l s o  be  obtained.  These s c a l e s  a r e  an 
es t imate  of t h e  physical  s i z e  of t h e  tu rbu len t  eddies  i n  t h e  d i r e c t i o n  
of the  mean wind a t  t h e  d i f f e r e n t  tower l e v e l s .  
4. Calcula t ion of t h e  cross-spectra  and cross-corre la t ions  between 
the  v e l o c i t y  components and t h e  temperature a t  d i f f e r e n t  a l t i t u d e s ,  
These q u a n t i t i e s  can be e a s i l y  ca lcu la ted  by combining the  d a t a  obtained 
from the  anemometers loca ted  a t  d i f f e r e n t  e leva t ions  on t h e  meteorological  
tower. The s tudy of t h e  v a r i a t i o n  of these  q u a n t i t i e s  wi th  h e i g h t  can 
provide s i g n i f i c a n t  i n £  ormation about t h e  v e r t i c a l  momentum and h e a t  
f l u x  as  w e l l  as the  v e r t i c a l  s c a l e s  of t h e  turbulence.  
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0 Figure 9:  Calibretion Curve for ~/(T~'-T, ) vs. Ues, 11193.  
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Figure 14: The Cosine Taper Data W1nA.o~ Function (Top) 
and its Fourier Transform (Bottom). 
Figure 15: FFT S teps  for a T i m e  Hist.>ry of 5 Point s .  
Figure 16:  Flow Chart Diagram of the FFT FORTRAN Program. 
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TABLE 111. BLOCK-MEAN VALUES OF THE VELOCITY COMPONENTS 
IN THE MEAN WIND ORIISNTED COORDINATE SYSTEM 
AND THE TPIPERATURE (RUN 1 ,  100-FOOT LEVEL) 
- 
B l o c k  T e m p e r a t u r e  V e l o c i t y  C o m p o n e n t s  
Number 
n ?'(OF) i"(fps) ;;"(fps) Z(fps) 
TABLE 111. (Cont l nued) 
Block Temperature Velocity Components 
Number 
TABLE I V .  SAMPLE MEANS, VARIANCES AW COVARIANCES OF THE TEMPERATURE 
AND THE VELOCITY COMPONENTS I N  THE MEAN WIND ORIENTED 
COORDINATE SYSTEM (58 BLOCKS, RUN 1, 100-FOOT LEVEL) 
Sample Means Sample Variances Sample Covariances 
- - 
u = 13.90 fps  7 = 0.475 (fps12 uv = 0.063 (fps12 
- - 
v = 0.00 fps  7 = 0.753 ( i p s l 2  uw = -0.102 ( fp s I2  
- - 
w = 4 . 5 3  fps  7 = 0.391 (fps12 uB = .0.178 fpseOR 
- - 
U = 1 3 . 9 1  fps  7 = 6.46 (%12 vw = 0.060 (fps12 
- 
B = 1.34 degrees v0 = 4 . 1 1 1  f p s * " ~  
- - 
T=82.44 "F we = -0.390 f p s " ~  
TABLE V, TURBULENCE INTENSITIES FOR DIFFERENT BLOCK TIME LENGTHS 
(RUN 1, 100-FOOT LEVEL) 
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